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Abstract
Diamond is an attractive material for medical dosimetry due to its radiation
hardness, fast response, chemical resilience, small sensitive volume, high spatial
resolution, near-tissue equivalence, and energy and dose rate independence. These
properties make diamond a promising material for medical dosimetry compared
to other semiconductor detector materials and wider radiation detection applica-
tions. This study is focused on one of the important factors to consider in the
radiation detector; the influence of dose enhancement on the photocurrent per-
formance at metallic interfaces in synthetic diamond radiation dosimeters with
carbon based electrodes as a function of bias voltages. Monte Carlo (MC) simu-
lations with BEAMnrc code were carried out to simulate the dose enhancement
factor (DEF) and compared against the equivalent photocurrent ratio from ex-
perimental investigation. MC simulations show that the sensitive region for the
absorbed dose distribution covers a few micrometers distances from the interface.
Experimentally, two single crystal (SC) and one polycrystalline (PC) samples with
carbon based electrodes were used. The samples were each mounted inside a tis-
sue equivalent encapsulation design in order to minimize fluence perturbations.
ii
Copper, Gold and Lead have been investigated experimentally as generators of
photoelectrons using 50 kVp and 100 kVp X-rays relevant for medical dosime-
try. The results show enhancement in the detectors’ photocurrent performance
when different metals are butted up to the diamond detector. The variation in
the photocurrent ratio measurements depends on the type of diamond samples,
their electrode fabrication and the applied bias voltages indicating that the dose
enhancement from diamond-metal interface modifies the electronic performance of
the detector.
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Chapter 1
Introduction
1.1 Motivation
Radiation dosimetry is the measurement and calculation of the radiation dose
absorbed in a medium when exposed to direct or indirect ionizing radiation. The
demand for dosimetric systems is to provide excellent spatial resolution, high ac-
curacy and high precision. Diamond, whether natural or synthetic, is an attractive
material for radiation detection when used as solid-state detector due to outstand-
ing properties such as radiation hardness, fast response, high sensitivity, chemical
resilience, small sensitive volume, near-tissue equivalence, energy and dose rate
independence and tissue equivalence [1], [2], [3]. The particular interest for medi-
cal dosimetry applications originates in the atomic number (Z=6) of the diamond,
which makes it closer to the effective atomic number of human tissue than most
1
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other semiconductor detector materials and it can be fabricated with small active
volumes which result in a high potential for high spatial resolution compared to
conventional gas ionization chamber based dosimeters [4]. Diamond detectors are
considered to be an improved alternative to other semiconductor detectors used
for small field dosimetry [5].
Natural diamond has been known for a few decades to be able to be used it as
radiation detector. In 1973, the first commercial diamond detectors were produced
by Electron Diamond Limited, UK. In the late 1970s, natural diamond dosimeters
were first fabricated and tested for medical applications by Planskoy [6] and Burge-
meister [7]. Natural diamonds with reproducible electrical and suitable dosimetric
properties are scarce and of variable response, causing limitations that prevent
widespread use commercially and make them very expensive [1]. The alternative
is recent progress in growing synthetic diamonds produced by chemical vapour
deposition (CVD) [8], [9], single crystal (SC) and polycrystalline (PC) technology.
This has improved by controlling specific properties and being able to produce at
a relatively low cost [1]. The possibility of using CVD diamond detectors for med-
ical physics applications has already been investigated by several research groups,
e.g. [8], [9], [10]. SC samples have much higher sensitivities than the PC samples
due to better charge collection efficiency; high quality PC sample is a more cost
effective prospective for large area dosimeters [1], [11]. SC synthetic electronic
grade material has been available commercially for more than 10 years and this
material has been explored for application in many radiation detection areas. SC-
2
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CVD diamond detectors show excellent detection characteristics and good quality
performance even after severe radiation damage [12]. Although the quality of CVD
diamond detectors has been improved to be suitable for medical dosimetry, there
currently exists no commercial product and no standard for the encapsulation de-
sign. Also, some limitations are reported by several groups in its application as
medical dosimetries such as high leakage currents, priming effects, stabilisation,
internal crystal polarisation and limited reproducibility of response [1].
Diamond detectors require electrodes or electrical contacts, placed on the two op-
posite faces of the crystal, with applying different electric potentials, to generate
an external electric field in the diamond. There are two types of electrodes, either
metallic or carbon based, to diamond based radiation detectors. The advantages
of using carbon based electrodes compared to conventional metallic electrodes are:
maintaining the tissue equivalence of the detector, potentially good adhesion on
diamond and reduced attenuation of the incident particles on the contact [11].
However, due to the small size of the synthetic diamond detector and in order to
achieve negligible fluence perturbations and angular dependence to the radiation
field and the dose, the detector construction materials need to be carefully se-
lected [1]. An optimum selection of a diamond detector design should have all its
structure elements near the atomic number of the diamond bulk. To maintain the
tissue equivalence advantage of diamond, the electrode of the diamond detector
should be composited of low Z material to reduce the fluence perturbation and
absorption of the incident beam [1], [11], [13].
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Based on the review of literature, there are variations of the diamond radiation
detector performance that may be caused by irradiating an unmatched equivalence
of the metal with high Z such as metallic electrodes, wires, conductive glue and
encapsulation interface the diamond bulk in the construction [1], [14], [15]. This
may introduce perturbations of the absorption and scattering properties in the ra-
diation field that become difficult to quantify. Studying the interface phenomena
inside a CVD diamond detector may be complex due to small device dimensions
and the suggested suitable alternative method is to use Monte Carlo (MC) based
simulation techniques [16]. In 1999, Mobit and Sandison used the EGS4 MC code
to simulate a geometry of PTW natural diamond detectors in therapeutic photon
beams without taking the electrodes into account [17]. As a consequence, Gorke
et al.(2006) employed the PENELOPE MC code in order to study the interface
phenomena in the metal-diamond transition zone of diamond detectors. The study
focused on the variation of the energy deposited in the CVD diamond detectors
caused by existing different materials, thickness of electrodes and photon beam
energies. The interface between high and low Z materials as metal and diamond
respectively should be taken into account as the irradiated high Z materials can
be a possible source of electron fluence pertrbation and subsequently change in
energy deposition in the diamond detector and thus may lead to distortion of the
absorbed dose reading [1]. The study also showed that the absorbed dose dis-
tribution was up to a few micrometre from the interface. In addition, Baluti et
al.(2015) confirmed that the EGSnrc MC code was successfully employed in the in-
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vestigation of small diamond detectors for physical and dosimetric properties [18].
Excellent agreement of data from simulations was found when compared with data
from the published work of Gorka et al [1]. The study was investigated by simu-
lating the effect of the electrode on the diamond with different materials in both
parallel and perpendicular detector orientation with regard to the incident 6 MV
beam. It is recommended that the electrode of the detector should be made of
low Z and placed parallel to the beam direction to minimise perturbation caused
by the detector electrodes [18]. The fluence perurbation and its effect on the sig-
nal read by the detector is relevant for the construction of energy independent,
tissue equivelent CVD diamond detectors and to quantify fluence perturbation
corrections [1]. For this purpose, this project investigates the effects of the dose
enhancement on the photocurrent performance at diamond-metal interfaces as a
function of bias voltages with the aim of developing a synthetic diamond radiation
detector for medical X-ray dosimetry. Metals butted up to the detectors have been
investigated experimentally as generators of photoelectrons using 50 kVp and 100
kVp X-ray energies on different types of synthetic diamond detectors with carbon
based electrodes. These energies form part of radiation therapy for superficial
treatments. The kilovoltage energy ranges used in this study for the high sensitiv-
ity of the photoelectric cross section to small variations in Z at these energies is
critical due to considerable variation in the stopping power ans mass attenuation
coefficient ratios, as the suitability of diamond as a practical detector in these en-
ergy ranges requires investigation as determined by Hugtenburg et al. [19]. Also,
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the dose enhancement phenomena become an issue when testing semiconductor
devices to evaluate their response to lower-energy portion of ionising radiation. A
preliminary study has been undertaken in this project to provide for further un-
derstanding of the effects of dose enhancement from the interface between metal
with high atomic number (Z) and diamond on the photocurrent performance of
the synthetic diamond detectors with carbon based electrode. Monte Carlo (MC)
simulations have been used to simulate dose enhancement factor (DEF) at the
diamond-metal interface and the results are compared with the corresponding
measured detectors’ photocurrent ratios obtained experimentally.
1.2 Outline
The overall aim of this project was to employ Monte Carlo (MC) and experi-
mental methods to investigate the effect of dose enhancement on the photocurrent
performance when metal butted up to synthetic diamond detectors with carbon
based electrodes as a function of bias voltages. This will lead to an improved
understanding of the dose enhancement effect of the diamond-metal interface on
the synthetic diamond detector’s electronic performance to develop this type of
detector for medical X-ray dosimetry.
In chapter 2 the theory of radiation physics and radiation detector dosimetry
is presented. This chapter includes theoretical background sections on: the inter-
6
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action processes between the ionizing radiation and matter, radiation dose, the
origin of dose enhancement and radiation dosimeters in general.
Chapter 3 includes a description of diamond, including its physical properties
and the processes behind diamond synthesis followed by the principle of induced
charge and theory of operation of semiconductor detectors. This chapter also con-
tains a review of diamond as a solid-state radiation detector divided into four
sections: charge carrier mobility, defects, polarizing and priming effects and dosi-
metric properties.
In chapter 4, the materials and experimental procedures are described. First,
the samples and their alpha spectroscopy performance as an indication of bulk
material quality are described in detail. The tissue-equivalent encapsulation de-
sign from solid water and mounting of each samples are also presented, followed
by a description of the experimental set up used for the detector measurements.
Chapter 5 presents the results and discussion of the material characterisation of a
number of diamond detectors mounted inside the solid water encapsulation design.
These studies were performed to evaluate the detector response under changing
applied electric field, and seeks to determine whether an optimal operating voltage
can be found within the limitations of the available equipment. The performance
response of dosimetric characteristics such as sensitivity, repeatability, dose and
7
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energy linearity and dependence on dose rate are also considered.
Monte Carlo simulations are introduced in chapter 6. This chapter gives a brief
description on the selection code options and code validation. Subsequently, the
chapter presents the results and discussions of the Monte Carlo simulations of DEF
for a variety of materials and geometries.
Chapter 7 presents an experimental examination into effects due to the diamond-
metal interfaces on selected crystal CVD diamond detectors with carbon base elec-
trodes. Subsequently, the photocurrent performance of the detectors and stability
with respect to the beam energy and dose rates with and without metals interface
exposed to kilovolt X-rays have been investigated. A comparison between the pho-
tocurrent ratio measurements and simulations results is also provided. Following
these measurements, the dosimetric characteristics of the diamond detectors with
and without metals are described in this chapter.
Concluding remarks which give a summary of the major findings of the project
and suggestions for future work are presented in chapter 8.
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Chapter 2
Radiation physics and dosimetry
2.1 X-ray production
A beam of high energy electrons from a heated filament, situated in a cath-
ode assembly, is accelerated in an evacuated glass tube by applying a high voltage
causing them to collide with an anode target to produce X-rays. The X-rays are
produced by the sudden deflection or acceleration of the electrons caused by the
attractive force of the target nuclei. The production of X-rays is a highly inefficient
process because only a very small fraction of the electron energy is converted into
X-rays and the rest is mainly conveyed into heat. Hence, a cooling system is one
of the main components in any X-ray production system in order to protect the
target in particular and the whole system in general from overheating. There is a
protective mechanism that shuts down the machine when the temperature exceeds
9
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a certain limit, this is usually an indication of a malfunctioning cooling system
rather than reaching the heat capacity limit [20].
X-rays are generated via interactions of the accelerated electrons with electrons
of the target material (often Tungsten) nuclei within the tube anode. There are
two different types of X-ray generated: bremsstrahlung and characteristic X-ray
radiation. The process of bremsstrahlung (braking radiation) is continuous radi-
ation resulting from the deceleration of energetic electrons when they pass near
the nucleus and their path is deviated by coloumb force. Energy lost is emitted
as bremsstrahlung X-ray photons. In characteristic or discrete X-ray generation,
when a high energy electron collides with an inner shell electron both are ejected
from the target material atom leaving a hole in the inner layer. This hole is filled
by an outer shell electron with a loss of energy emitted, at discrete energies for each
material, as an X-ray photon. In contrast to X-rays, gamma radiation, although
similar to X-ray radiation in many respects, is that a gamma ray is produced dur-
ing nuclear decay or electron capture and has discrete energies [20].
As a result of characteristic and bremsstrahlung radiation generation, a spectrum
of X-ray energy is produced by an X-ray generator, as seen in figure 2.1. This
spectrum can be modulated by changing the X-ray tube current or voltage set-
tings, or by adding different filters to remove low energy photons, depending on
the proposed application. In medicine, this can reduce the patient dose, enhance
the penetrability, and improve image quality. Therapeutic X-ray beams, however,
may leave the target assembly such as in flattening filter free machines, or may be
10
Radiation physics and dosimetry
conditioned through a flattening filter to produce uniform and symmetric beams.
The final useful beam in both applications is collimated to the required field shape
using diaphragms appropriate for the energy of the employed beam [20].
Figure 2.1: Schematic of a photon spectrum for an X-ray machine.
2.2 Interactions of photons with matter
The probability of photon interactions and the amount of photon energy
transferred to electrons depends on the photon energy and the atomic number
(Z) of the atoms in the medium where interactions take place as illustrated in fig-
ure 2.2. Although a large number of possible interaction mechanisms are known for
photons with matter, three interaction types play an important role in radiation
11
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measurements: the photoelectric effect, Compton scattering and pair production.
All these processes lead to the partial or complete transfer of photon energy to
electron energy. In the following, only these three main interactions will be re-
viewed.
Figure 2.2: Cross sections of photoelectric absorption, Compton Scattering and
pair production representing probability of photon interaction with matter as a
function of energy hν and Z, atomic number[21].
2.2.1 Photoelectric absorption
In the photoelectric absorption effect, a photon undergoes an interaction with
an absorber atom in which the photon completely disappears. In this process, the
energy transfers in a two-step process. The entire photon energy (hv) is first
absorbed by the atom and then transferred to a bound electron. The kinetic
energy E, given to the photoelectron that is ejected from the tightly bound inner
12
Radiation physics and dosimetry
(K) shell, is given by:
E = hv −BE (2.1)
where BE is the binding energy of the electron. The probability of photoelectric
effect is typically quoted to be proportional to (Z/hv)3. Photoelectric interac-
tions are predominant with high Z materials and low energy photons, such as the
case with diagnostic X-rays, which have energies in the keV range, and are less
significant in higher MV energy therapeutic X-ray beams [21].
2.2.2 Compton effect
In the Compton process (incoherent scattering), the incident X-ray photon
interacts with an atomic electron in the absorber. The binding energy of the
electron is much less than the energy of the bombarding photon. In this interaction,
the electron receives some energy from the photon and is ejected from the atom at
an angle θ. The photon is scattered with a different angle φ and reduced energy,
as illustrated in figure 2.3.
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Figure 2.3: The geometry of Compton scattering[21].
In terms of a collision between two particles (a photon and an electron), the
energy of the incident photon equals the sum of energy of the scattered photon and
the kinetic energy of the ejected electron KE. This is due to the conservation of
energy, the scattered photon energy E and the recoil electron kinetic energy KE
are given by equation 2.2 and 2.3 respectively, which can also be derived using
conservation of momentum.
E =
hv
1 + ω(1− cosφ) (2.2)
KE = hv
ω(1− cosφ)
1 + ω(1− cosφ) (2.3)
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cosθ = (1 + ω)tan
φ
2
(2.4)
where ω = hv/moc
2, hv is the energy of incident photon and moc
2 is the rest
energy of the electron (0.511MeV).
The probability of Compton interactions is independent of the atomic number;
this is because the Compton interaction essentially occurs with free electrons in
the absorbing material. This interaction is predominant with high-energy photon
beams where the energy is much higher than the binding energy of the ejected
electron. In general, the photoelectric effect probability decreases rapidly with
energy state range and the Compton effect becomes increasingly significant in the
diagnostic X-ray energy state range. However, the Compton effect cross section
also decreases with increasing above an energy value of photon energy[20].
2.2.3 Pair production
Pair production is a process for which the energy of the initial photon has
to be greater than 1.022MeV . The photon can interact strongly with the nuclear
coulomb field resulting in the creation of a positron and an electron. The equal
energy of an electron and a positron (0.511MeV ) is travelling in opposite direction,
and hence pair production interactions are viable only with high-energy photon
beams. The kinetic energy of the electron KEe and positron KEp are equal to the
remaining photon energy hv above 1.022 MeV . The probability of pair production
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increases with increasing atomic number. In contrast, the reverse process is called
electron positron annihilation. In this process, the conversion of mass into energy
takes place when a positron combines with an electron to produce two photons [20].
2.3 Photon beam
Clinical applications are generally not concerned with the fate of an individ-
ual photon but rather with the collective interaction of a large number of photons.
In most instances the interest is in the overall rate at which photons interact as
they make their way through a specific material. The intensity of electromagnetic
radiation is the energy per unit time passing through a unit area at right angles
to the direction of propagation. In the case of a monoenergetic photon beam, the
intensity (I) of the photon beam is: I = (hν)N where N is the photon flux and h
ν is the photon energy.
As radiation penetrates matter, photons are incident on an absorber of variable
thickness and a detector is placed at a fixed distance from the source. The detector
measures the primary photons, which are passing through the absorber without
interacting. The photons scattered by the absorber are not supposed to be mea-
sured. The photon interactions will remove some of the photons from the beam, a
process known as attenuation. Under specific conditions, a certain percentage of
the photons will interact, or be attenuated, in the absorber. The probability that
a photon will be removed from the beam increases with the number of atoms and
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decreases with the photon beam energy. Under these condition, the intensity I of
photons transmitted across some distance, attenuated by an attenuator of a layer
thickness x, is given as:
I = I0e
−µx (2.5)
where I0 is the initial intensity of photons and µ the linear attenuation coefficient[22].
Frequently, it is more convenient to measure the absorber thickness in units of mass
per unit area and this is known as the equivalent thickness ρx of the material. It
is independent of the density of material and only depends on the atomic compo-
sition. It is also common to use the mass attenuation coefficient:
µm =
µ
ρ
(2.6)
where ρ is the mass density of the absorber.
To complete this discussion of exponential attenuation, two further definitions are
required, as follows: the half-value layer (HV L) is defined as that thickness of
the attenuator that attenuates the photon beam intensity to 50 % of its original
incident value and the mean free path, λ, the mean distance travelled by a photon
before being removed from the incident beam. For particles, the mean free path
usually describes the average distance between collisions [22].
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HV L =
ln2
µ
(2.7)
When a photon interacts with the atomic structure of the material, part or all of
its energy may be converted into kinetic energy of a charged particle.
µtr =
Etr
hν
µ (2.8)
where Etr is the average energy transferred into kinetic energy of the charged par-
ticle per interaction and µtr the energy transfer coefficient.
Some energy transferred is lost to the atomic structure by inelastic collisions (ion-
ization and excitation) less the energy partially returned to the photon flux by
bremsstrahlung. The energy absorption coefficient (µen) relatively to this process
is described as:
µen = µtr(1− g) (2.9)
where g is the fractional electron energy conversion to bremsstrahlung. The energy
absorption coefficient increases with Z of the absorber and the kinetic energy of
the secondary particles.
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2.4 Interactions of charged particles
Charged particles such as the, electrons, protons, alpha particles and nuclei,
interact via the Coulomb force between the electric field of the travelling particle
and electric fields of orbital electrons and nuclei of atoms of the material. Collisions
between the particle and the atomic electrons result in ionization and excitation
of the atoms. Collision between the particle and the nucleus result in radiative
loss of energy or bremsstrahlung.
2.4.1 Interactions of heavy charged particles
Heavy charged particles denote a category that encompasses all energetic
ions with a mass of one atomic mass unit or greater, such as alpha particles (α),
protons, fission products, or the products of many nuclear reactions. The charged
particles interact with matter through coulomb forces between the electric field
of the travelling particle (positive charge) and electric field of orbital electrons
(negative charge) and nuclei within the absorber atoms. Heavy particles pass
through the absorbing material in quite a straight path and are only deflected by
a small amount when they interact with the atomic electrons. The majority of the
energy lost by the heavy charged particles is consumed by producing electron-ion
pairs or in exciting the electrons of the atoms in the absorber. The process of
energy loss continues until the particle energy reaches a certain value, then the
positively charged particle attracts electrons until it becomes a neutral atom.
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The rate at which energy is transferred from the particle is called the stopping
power or specific energy loss (S) and is defined as the change in energy dE per
unit length dx (see equation 2.10):
S = − dE
dX
(2.10)
In the 1930s Hans Bethe derived a theoretical relationship for the stopping
power from quantum mechanical considerations of the collision process. The the-
oretical expression that describes the specific energy loss is known as the Bethe
formula given in equation 2.11:
− dE
dX
=
4pie4Z2
mev2
NaB (2.11)
where
B = Z
[
ln
2υ2me
I
− ln
(
1− υ
2
c2
)
− υ
2
c2
]
(2.12)
In these expressions, v and e are the velocity of the primary particle and electronic
charge,respectively, Na is Avagadros number, Z is the atomic number of the ab-
sorber atoms, me is the electron rest mass and c is the speed of light in vacuum.
The parameter I represents the average ionization energy of an electron in the
target material. For nonrelativistic charged particles (v  c), and only the first
term in B is significant. The Bethe equation demonstrates that it is not only the
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charge of the incoming particle that has a large effect on the observed stopping
power but also the density related through Z of the material. High atomic num-
ber, high-density materials will consequently result in the greatest linear stopping
power.
Figure 2.4 shows the specific energy loss of an α particle as it moves through the
distance of penetration of a detector medium. The curve shows how the energy
loss increases gradually as a function of pentration distance intially (a) but then
undergoes a rapid increase close to the end of its path (b). As the particle slows
more and more energy is lost until the loss has increased to such a value that the
positively charged particle starts to capture electrons from the absorber material
(c). At this point the energy loss and the curve starts to decrease rapidly as the
charge is reduced to zero and the coulomb force no longer effects the particle as
shown in the characteristic sharp decline observed in the curve of figure 2.4 (d).
This peaking of energy loss near the end of the particle path is called the Bragg
peak. The specific energy loss is dependent on the particle type, its energy and
the absorbing material [21].
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Figure 2.4: Bragg Curve is typical for heavy charged (α) particles and plots the
energy loss during its travel through matter[21].
2.4.2 Interactions of light charged particles
In considering their interaction with matter, electrons will be taken as an
example of light charged particles(low mass), their interactions occurring mainly
with the atomic electrons of the matter via coulomb interaction. Electrons are
much lighter than heavy charged particles such as alpha particles, and hence their
velocities are greater for the same energy, which allows an electron to penetrate
much more deeply into the same material absorber, compared with a heavy ion
of similar energy, and hence −dE
dx
is much smaller. It should be noted that, for
an interaction between an electron from a mono-energetic electron beam and an
electron in the stopping material, the entire kinetic energy of the incoming electron
can be completely transferred to the collision electron since the latter has the same
mass as the incoming electron. Subsequently, electrons can suffer a large deviation
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from the irradiation direction with each encounter with the atoms of the absorbing
material due to their small mass. Electrons therefore often follow a random zigzag
path. As a result, it is difficult to define the range of electrons inside the material.
Theoretically, both accelerated and decelerated charged particles lose energy by a
radiative process released in the form of bremsstrahlung or electromagnetic radi-
ation, due to sudden changes in direction and velocity. Energy losses from such
radiative processes dominate for electrons with very high energies. The energy loss
for electrons per unit distance is therefore given by the sum of two processes, colli-
sions
(
dE
dx
)
c
and radiative
(
dE
dx
)
r
loss that combine to give the total linear stopping
power for the electron
dE
dx
=
(
dE
dx
)
c
+
(
dE
dx
)
r
(2.13)
However, radiative losses are always a small fraction of the energy losses due to ion-
ization and excitation; and they are significant only in absorber materials of high
atomic number. The electron intensity decreases even at small absorber thickness
due to the large probability of electron scattering, which effectively removes the
electron from the incident direction. Eventually, the distance required to stop the
initial beam of electrons is achieved and the primary electron intensity will fall to
zero.
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2.5 Radiation dose
In the case of X-ray radiation, the intensity of radiation (photons and parti-
cles) is measured as the number N of photons / particles per unit area A in m2.
The photon flux is the fluence per unit time s−1. For a mono-energetic beam, the
energy fluence is the product of the fluence and the energy E. The energy flux is
the energy fluence per unit time. All these quantities are used in radiation dosime-
try. There is a significant proportion of scattered radiation from an object behind
the detector in a backward direction; this is called backscatter radiation and this
is an important quantity for radiation protection. Backscattered radiation can be
excluded from the object surface measurements by recording the dose at a distance
from the object surface. In contrast, the measurements taken at the surface will
include a percentage of back scatter so when comparing doses it is important to
define the geometry of the measurements [23].
2.5.1 Absorbed dose
The most basic unit of radiation dose is absorbed dose, D, defined as the
mean energy imparted ξ by the ionizing radiation per unit mass m:
D =
dξ
dm
(2.14)
Absorbed dose is measured in units of Gray (Gy), with 1 Gy equal to 1 J
Kg
. This
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quantifiable unit can be used to produce an estimate of radiation risk that can be
measured using most types of radiation detector.
2.5.2 Origin of dose enhancement
X-rays interact with matter predominantly via the photoelectric process; sec-
tion 2.2 presented the three main processes that occur when the photons interact
with material by transferring photons energy to the electrons in the material. A
large number of secondary electrons with a variety of energies result from the ener-
getic electrons who lose their excess energy by collisions with other electrons in the
material. These secondary electrons require a finite distance to lose their excess
energy in the material. The phenomena of the dose enhancement near dissimilar
material (i.e. existing high atomic number Z near low Z media) was founded as
an area of study within radiation research 60 years ago. The dose enhancement
effect can significantly increase the radiation absorption of a localised region. This
occurs due to an increase in the flux of photoelectrons from the more absorbing
high Z atoms, in addition to increased dose received from characteristic X-rays
and Auger electrons. In the case of the photoelectric effect which is the dominant
process for photon energies below 100 keV , the photon absorption depends on the
atomic number Z of the material where the energy absorbed is directly propor-
tional to Zn [24] and the exponent n varies between 3 and 5. An example for dose
enhancement in electronic devices from a high Z - low Z interface is explained by
Long et al.(1983) for a gold-silicon interface, there being many more electrons gen-
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erated in the gold. The electrons penetrate into the silicon and enhance the dose in
silicon near the interface as seen in figure 2.5. There is a discontinuity in received
dose at the interface due to differences in electron stopping power between the two
materials. The dose distribution is approximately the same for X-rays traversing
the interface in either direction [24].
Figure 2.5: Illustration of dose profile at silicon-gold (low-Z/high-Z) interfaces[24].
In practice, the effect of dose enhancement in electronic devices is accounted
for using a term called Dose Enhancement Factor (DEF ). By multiplying the
equilibrium dose times the DEF the actual dose being received is obtained by the
sensitive portion of the device in question. The dose enhancement factor is defined
as [24]:
DEF =
AV ERAGE DOSE IN SENSITIV E REGION OF DETECTOR
EQUILIBRIUM DOSE
(2.15)
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2.6 Radiation dosimeters
A radiation dosimeter is a device, instrument or system that is used to di-
rectly or indirectly measure of the average absorbed dose deposited in its sensitive
volume by ionizing radiation. Existing dosimeters or dosimetry systems all have
some limitations in terms of the sensitivity, tissue equivalence, size or portability.
Hence, there will be compromises when selecting dosimeters. Dosimeters can be
made from a number of materials (i.e. gas, liquid or solid) and with different
sensitive volume or cavity geometries. Radiation dosimeters can be used in direct
and indirect reading. The latter refers to passive dosimeters, such as thermolu-
minescence dosimeters (TLDs) and radiographic X-ray films, which are read after
beam exposure. Direct-reading dosimeters, are read out on-line such as ionization
chambers and semiconductor-based devices. There are several types of dosimeters
used in the medical field today, which include air and liquid-filled ionization cham-
bers and counters, film, thermoluminescent dosimeters (TLD) and semiconductor
dosimeters; recent research using plastic and liquid scintillators also appears en-
couraging. Each detector has its benefits and drawbacks for conventional and
small field dosimetry [25]. Ideal (or desirable) dosimeter properties must exhibit
the following characteristics [25], [26], [27]:
 Accuracy and precision:
Like all types of detectors, radiation dosimeters are affected by uncertainty in
their measurement. This uncertainty in measurement is expressed in terms of ac-
curacy and precision. The accuracy of the measurements is the proximity of the
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expected value to the true value of the absorbed dose. The precision of a dosimeter
specifies that the measured results are reproducible in a similar set of conditions
and can be estimated from the data obtained in repeated measurements. A high
signal-to-noise ratio (SNR) is desirable to guarantee sufficient sensitivity to the
measurement and to increase precision and accuracy.
 Linearity with dose:
The dosimeter reading should be linearly proportional to the absorbed dose. The
linearity and the non-linearity behaviour occurs that depends upon the type of
radiation dosimeter and its associated physical characteristics.
 Dose rate dependence:
Ideally, when plotting the dosimeter measurements these should be proportional
only to the absorbed dose. Also, the response of a radiation dosimeter to the same
dose at two different dose rates should remain constant and should be independent
of the dose rate. Dose rate may influence the dosimeter readings and appropri-
ate corrections are necessary, for example, recombination corrections for ionisation
chambers in pulsed beams must be applied.
 Energy Response and tissue equivalence:
The response of a dosimetry system is generally a function of radiation beam qual-
ity (energy). The variation of the response of a dosimeter with energy is called
energy dependence. The energy dependence is an important characteristic of a
dosimetry system. For this reason it is important for the dosimeter to be made of
a material characterized by absorption and scattering properties for a given radia-
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tion that sufficiently match those of biological tissue; such a material is considered
to be a tissue equivalent substance.
 Directional dependence:
The variation response of a dosimeter with the angle of radiation incidence is
known as the directional (angular) dependence of the dosimeter. It is important
in certain applications, for example, in in vivo dosimetry while using semiconduc-
tor dosimeters.
 Convenience of use:
Ionization chamber and semiconductor type dosimeters are reusable. In compari-
son, some dosimeters are not reusable, including films; the single use film dosime-
ters typically measure dose distribution. While rugged dosimeters do not show any
influence in sensitivity with handling conditions, for example ionization chambers,
TLD type dosimeters are sensitive to handling, with variation in results being de-
pendent on handling and storage conditions.
 Spatial resolution and physical size:
The dose applied is a point quantity therefore ideally the dosimeter should be able
to determine the measured dose resulting from a very small volume (i.e. one needs
a point dosimeter to characterize the dose at a point). The position of the point
of measurement of applied dose (i.e. its spatial location) should be well defined in
a reference coordinate system.
 Long term stability and dynamic response:
The dosimeter must be stable during irradiation in case of direct dosimeters and
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characterised by a fast rise/decay times when the beam is switched on/off. In
case of passive dosimeter, the response must be independent of time and storage
condition after irradiation. The response of the dosimeters should not depend on
the dose accumulated from previous exposures.
2.6.1 Examples of standard dosimeters and their operation
Three of the main local standard dosimeteres types to determine the radi-
ation dose to a subject from any radiation source will be discussed in the following:
Firstly, an ionization chamber is being of a type of radiation detector that com-
prises a gas-filled cavity surrounded by a conductive outer wall, equipped with a
central collecting electrode. Irradiation causes the formation of a number of pri-
mary ions, proportional to the energy deposited by the charged-particle tracks in
the detector volume, which are collected at the electrodes by the action of an ex-
ternally applied potential difference. As local standard dosimeters, ion chambers
have a long history of high-precision, accuracy and dependability [28]. Also, ion
chambers exhibit a dose rate dependence due to general ion recombination. They
require a high voltage, have a low sensitivity due to a low density ionizing medium
and have a relatively large volume (typically 0.1 - 1.0 cm3) and are hence limited
in use for calibration of clinical photon and electron beams. The large volume of
detectors has consequences in the dosimetry of small fields where output factors
measurements are underestimated due to lateral electron disequilibrium [29]. Pin-
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Point ion (Micro-ion) chambers with 0.015 cm3 have been designed to be suitable
for relative dose measurements in the dosimetry of small fields. The chamber in
the small field considerably over-responds to low-energy Compton scatter due to
the presence of its aluminum electrodes [29], and the measured signal can vary by
0.5% in large-area fields due to polarity and stem effects from its small sensitive
volume and cable irradiation [30]. Liquid-filled ion chambers work on the same
principle as conventional air-filled ionization chambers, but they are of interest
in dosimetric applications due to their high sensitivity and smaller size compared
to air-filled ionization chambers. However, both ion chamber types need to be
corrected for recombination and temperature effects [31].
Secondly, thermoluminescent dosimeters (TLDs) have been used as X-ray detec-
tors for over 100 years. They are small and during exposure to ionizing radiation
at a sufficiently low temperature, they store charge (electrons or holes) in relatively
deep energy levels within the material’s forbidden energy gap. When the carriers
are released by heating they can recombine, either directly or in most cases through
a recombination centre, resulting in emission of light (luminescence). Also, they
can be used as the main stand-alone dosimeter and are available in a number of
materials, e.g. LiF and CaF2 [23]. Because they are used in a passive mode, there
is a delay in the readout, and therefore cannot be used for real time dosimetry but
they can be used for personal or post-irradiation in vivo dosimetry. They are also
not as accurate as ion chambers and need to be handled with care.
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Finally, in semiconductor devices, radiation promotes electrons from the valance
to the conduction band , thus generating free electron-hole(e-h) pairs in the bulk
of the dosimeter, which are collected at the electrodes under the action of an ex-
ternally applied electric field either due to the intrinsic potential (silicon diodes
in photovoltaic mode), or to an externally applied potential difference (diamond
dosimeters). Diamond has a number of advantages that make it an attractive de-
tection material for radiation dosimetry due to it being chemically inert, radiation
hardness (highly resistant to ionizing radiation), a near-tissue equivalent or a tis-
sue substitute with Z = 6 (Zeff of tissue ≈ 7.4, Zeff of water = 7.51), moreover,
the mass attenuation coefficient ratio and stopping power ratio of water to dia-
mond are nearly constant over a wide range of photon and electron energies [32].
It also has a high thermal conductivity, a high carrier mobility and therefore high
sensitivity, short carrier lifetime and high band gap, making it an excellent choice
as a dosimeter. These characteristics in combination allow diamond detectors to
be attractive for use in medical dosimetry [25].
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2.7 Concluding Remarks
This chapter introduced the most common radiation interactions with mat-
ter. The photoelectric effect is the predominant mechanism and most relevant to
this study of dose enhancement at low energies, where there is strong Z dependence.
This chapter also gave a summary of origin of dose enhancement phenomena and
an example of this effect in semiconductor devices. It also provided an overview
of a comparison of existing dosimeters used in radiation dosimetry.
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Theory and literature review on
CVD diamond
3.1 Basic physical properties of diamond
Diamond has a significantly relevant set of physical properties for use in ra-
diation dosimetry originating mainly from the hardness of its lattice and relatively
small mass of the carbon atom. The atomic number density of diamond is 1.75
× 1023 atoms cm−3, thus the carbon atoms in the diamond lattice structure have
a higher atomic number density than Silicon (Si) and Germanium (Ge). The di-
amond lattice structure is a face-centred cubic (FCC) form of crystalline carbon
as shown in figure 3.1 [33]. The lattice structure of diamond has a unique sta-
ble structure in which each single atom of carbon is bound by electrons in sp3
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hybrid orbitals. This gives diamond a natural hardness to strong radiation fields.
Two neighbouring carbon atom are 0.154 nm apart, which corresponds to a lattice
constant a0 = 0.357 nm.
Figure 3.1: Unit cell of the diamond cubic crystal structure [33].
The most important subjects to use diamond as radiation dosimeters are the
improvement of crystalline quality and control of electrical conductivity of dia-
mond. For both of them, the development of crystal growth techniques is a key
requirement. The study of diamond growth at relatively low costs started in the
1950s. Several methods were developed to grow synthetic diamond, the two main
growing techniques widely used are: High Pressure/High Temperature (HPHT)
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and Chemical Vapour Deposition (CVD) methods [34]. The HPHT synthesis of
diamond is an early technique that attempts to use the similar conditions in which
natural diamonds are formed under the Earth’s surface. Diamond crystals pro-
duced with the HPHT method are small size and include high concentration of im-
purities which makes the diamond quality low for electronic application. However,
this method is widely used for production of diamonds for mechanical industry
applications [35]. In the CVD process, a gas mixture of hydrocarbons, oxygen and
hydrogen at low pressure is used, which does not require extreme temperatures
and pressures. The general mechanism for the CVD diamond growth is based on
the higher bond energy of H-H than that of C-H [34].
3.1.1 Comparison of diamond with other materials
Diamond can be expected to become an increasingly important future elec-
tronic device material with superior semiconductor properties to use it in different
application [34]. The fundamental properties of diamond are summarized in ta-
ble 3.1 together with those of some other common semiconductors, which indicate
that diamond can provide a good performance for application in radiation fields.
The wide band gap of diamond gives rise to a maximum operating temperature
above 1000 ◦C compared with silicon up to a maximum of 200 ◦C [36]. Diamond
has a high physical/chemical stability which allows diamond devices suitable for
operation under harsh environments at high temperature, in high radiation envi-
ronments, or in extreme chemical conditions [34].
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Table 3.1: A comparison of different detector material properties [38].
Diamond is also considered to be closely tissue-equivalent which makes it an
attractive material compared to other semiconductor materials for clinical radia-
tion dosimeters. Its atomic number (Z) is 6 which is close to the effective atomic
number of soft biological tissues; thus the energy deposited by radiation per unit
of mass in diamond approximates that of such soft human tissue. This enables any
correction factors to be removed for use as a detector signal for the dose conversion
in tissue equivalent media.
37
Theory and literature review on CVD diamond
3.2 CVD diamond radiation detectors
The operating principle of CVD diamond detectors relies on the internal
creation of electron-hole pairs by the absorption of incident radiation to produce
ionization of the diamond medium. The electrons and holes generate an electrical
signal in an external circuit. There are two main designs, with electrodes placed
at front and back, called a sandwich structure, or interdigitated. The created
electron-hole pairs are separated and drift to their corresponding electrodes under
the influence of an electric field, as demonstrated in Figure 3.2 [37].
Figure 3.2: Illustration of planar radiation detector working principle, the inci-
dent radiation creates electron hole pairs which drift toward electrodes under the
influence of an externally applied electric field[37].
When a charged particle, or a photon with energy above the band gap,
interacts with the diamond, atoms at crystal lattice sites are excited or ionized,
generating e-h pairs and promoting electrons into the conduction band and leaving
holes in the valence band. These free carriers drift across the diamond in response
to the applied electric field. Some of the charge carriers are trapped within the
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diamond at defects, like grain boundaries and may contribute to space charge,
which builds up and polarizes the crystal. Others are collected by the electrodes
and contribute to the photoconductive current in the detector[38]. In the absence
of an externally applied electric field, the electrons and holes, which are both able
to move freely within the diamond lattice, would normally recombine quickly[39].
The response of the detector depends mostly on two factors: how much charge is
created by the deposited radiation energy and the fraction of the created charges
collected at the electrodes, which is called charge collection efficiency (CCE).
The radiation deposited energy depends on the radiation type, energy as well as
on the material atomic number (Z). However, the charge created by the deposited
energy depends only on the diamond band gap. The charge collection efficiency is
more complicated and influenced by many factors like electric field strength and
its distribution, carrier mobility and lifetime, crystal quality, and the electrical
contacts [11].
3.3 Creation of charge carriers
The number of free electron-hole pairs (ehp) created in a semiconductor ma-
terial, when ionising radiation deposits its energy within a bulk material, depends
on the average energy required to produce an electron-hole pair (Wehp) [40]. In
principle, to create free electrons within a crystal, they have to be given an energy
at least equal to the band gap energy (Eg), to move from valence to the conduction
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band. There is to date no accepted general model for the relation between Eg and
Wehp. However, Owens et al.(2004) summarised and studied the available data
for a large number of materials as shown in figure 3.3. Wehp is always larger and
linearly proportional to Eg, and the difference between Wehp and the Eg is believed
to be due to phonon losses[40]. As seen in figure 3.3, diamond (C) has a large Wehp
compared to most semiconductors due to its large band gap (5.47 eV). As can be
seen in the summary of the available data, there is a relation between Eg and Wehp,
with the data falling onto one of two parallel lines, giving a linear relationship of
Wehp =
14
5
Eg + r, where r is the offset between the two lines[41]. Nevertheless, the
diamond Wehp is still smaller than the average air ionization energy of 34 eV/ion.
This makes diamond detectors more sensitive than air based ion chambers.
Figure 3.3: Average energy to create an electronhole pair as a function of band-gap
energy for a selection of semiconductor materials [41].
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The wide band gap Eg = 5.47 eV of diamond means that no thermally gener-
ated noise and has an extremely low number of free charge carries excited thermally
from the valence band into the conduction band, which results in very low dark
current and background noise from the detector[42]. This property also permits
the operation of diamond as a detector at high temperature while maintaining low
thermal noise. In the case of diamond radiation detectors, with low thermal noise
and low dark current, they have low sinsitivity to visible light (visible blindness)
due to the wide bandgap in diamond as well as high sensitivity to energies greater
than the band gap[43].
3.4 The Shockley-Ramo theorem - Induced charge
in CVD diamond
For detector operation in the form of a sandwich structure, a bias voltage
is applied between the electrodes to generate a drift field. A traversing charged
particle ionise the atoms in the crystal lattice and leaves a trail of primary ioniza-
tion charge along its path. The drift of electrons and holes in the applied electric
field induces a current pulse at the electrodes[34]. In the late 1930s a theory
was developed by Shockley [44]and Ramo[45] independently that allowed a simple
calculation of the induced charge in detectors with complex contact geometries.
The theorem states that the charge Q and current i induced on an electrode by a
moving charge q is given by:
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Q = qϕ(x) (3.1)
i = qυE0(x) (3.2)
where υ is the velocity of charge q, ϕ(x) and E0(x) are called weighting potential
and weighting electric field at the charges position (x), respectively. The weighting
potential is defined as the potential at position (x) when unit potential is applied to
the selected electrode and where all other electrodes are set at zero potential. The
weighting potential for a conventional planar detector is simply a linear function
of depth from the cathode to the anode; as shown in Figure 3.4. When radiation
deposits energy within a sandwich structure semiconductor detector of thickness d
at a distance Z from the cathode generating n0 electrons and p0 holes, the induced
charge is given by:
dq =
q0dx
d
(3.3)
where dx is the distance the charges travel before they reach their corresponding
electrode, or are trapped and recombine.
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Figure 3.4: (a) A schematic diagram of a simple detector with electrodes in sand-
wich structure and (b) The weighting potential of the anode and signal components
from the movements of electrons and holes[47].
The induced charge contains two components which are the electrons (n) that
drift a distance x to reach the anode whilst the holes (p) drift a distance (d − x)
to reach the cathode. The induced charge on the cathode and anode assuming no
losses due to trapping and recombination is given by[11]:
Qcathode = Qanode = n
(x
d
)
+ p
(
d− x
d
)
(3.4)
43
Theory and literature review on CVD diamond
In general, the cathode and the anode will receive the same total magnitude of
induced charge but of opposite sign.
3.5 Hecht theory
Electron and hole mean drift lengths are essential properties of radiation
detectors. In semiconductor devices the drift lengths of electrons (λe) and holes
(λh) is limited by the effects of carrier trapping and recombination. If the drift
lengths are shorter than the detector thickness then the result is incomplete charge
collection and a reduction in the device charge collection efficiency (CCE). The
carrier drift length is given by the carrier drift velocity υ times the carrier life time
τ , defined as:
λe = υeτe and λh = υhτh (3.5)
If the drift velocities of the carriers are assumed to be below saturation then
the velocity of the carriers is proportional to the applied field E and the carrier
mobilities (µe and µh) as given in equation
υ = µE (3.6)
Thus, this will lead to the drift lengths in terms of both the carrier mobility and
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lifetime:
λe = µeτeE and λh = µhτhE (3.7)
This relation can be used to describe the quality of the detector material in terms of
the mobility-lifetime product or µτ -value which determines the Charge Collection
Efficiency (CCE) of the semiconductor devices. The expression for the CCE of the
detector was developed by Hecht in 1932. It relates the charge transport properties
of electrons and holes (µτ) and the depth of interaction in the materials during
irradiation[46].
Assuming that traps are distributed equally throughout the material and that the
carriers have a mean limited lifetime then the reduction in carrier population will
be described by
N = N0exp
−x
µτE
(3.8)
where N0 is the initial number of electron-hole pairs. If a radiation interaction
occurs at a distance x from the cathode depositing a total charge (Q)then the
population of electrons and holes that reaches the cathode and anode, respectively,
are described by:
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ne = n0exp
−(d− x)
µeτeE
(3.9)
nh = n0exp
−x
µhτhE
(3.10)
The CCE can be found by substituting expressions of equation (3.9) and (3.10)
for the carrier concentrations in the integration equation (3.3) over the distance d;
the result is the Hecht equation:
CCE =
µeτeE
d
[
1− exp
(−(d− x)
µeτeE
)]
+
µhτhE
d
[
1− exp
( −x
µhτhE
)]
(3.11)
In cases where the interaction depth is very small compared to the carrier drift
lengths and the detector thickness d, x  λ, x  d the equation reduces to a
single carrier term:
CCE =
µτE
d
[
1− exp −d
µτE
]
(3.12)
In some cases the trap density at the surface will be higher than in the bulk.
This causes additional loss in the CCE for electron hole pairs generated close to
the surface. Thus, the Hecht equation can be modified to account for surface
recombination as [47], [48]:
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CCE =
[
1
1 + S/µE
]
µτE
d
[
1− exp
( −d
µτE
)]
(3.13)
where S is the surface recombination velocity of the carrier.
3.6 Charge carrier mobility
One of the outstanding properties of diamond is its high electron and hole
mobility. The charge carrier mobility in diamond varies widely depending on the
diamond type and crystal quality. For high quality single crystal CVD diamond
the electron and hole mobilities are 4500 and 3800 cm2 V −1 s−1, respectively, at
room temperature [49]. However, not all diamond crystals have the same mobility
because the above sample was grown with special care on the growth substrate
surface to maintain a high quality growth[50]. For natural diamond the hole and
electron mobilities are around 2400 and 2100 cm2 V −1 s−1, respectively [51]. The
hole mobility in diamond decreases as the temperature increases in the interval
300-400 K as T−1.5. The reduction in the hole mobility of diamond in this tem-
perature range could either be the result of scattering from incomplete ionization
of common impurities in the diamond or indicative of acoustic phonon scattering
in high crystallographic quality[51]. At temperatures above 400 K, hole mobility
falls more rapidly with an exponent in the range−2.5 to −3.66. Despite that, hole
mobilities of µh > 2000 cm
2 V −1 s−1 at 400 K and µh > 1000 cm2 V −1 s−1 at 500
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K, indicate that diamond can operate at a high temperature[52]. Fox et al[53],have
measured hole mobility of diamond dropping from around 1500 cm2 V −1 s−1 to
around 1000 cm2 V −1 s−1 with an increase in boron concentrations in the range
from 5 × 1016 to 2 × 1018 cm−3. In general, the mobility in polycrystalline CVD
diamond is significantly less than that in SC and natural diamond affected by
the grain boundaries. However, the mobility lifetime products increase with the
increase of the grain size in polycrystalline diamond [38].
3.7 Defects in the diamond bulk
Over the last 30 years, a great deal of research on defects in diamond has
been carried out [54], [55], [56], [57]. There are some issues associated with the
use of diamond based radiation detectors, due to defects and impurities. When
a photon interacts with the diamond it creates electron-holes pairs which move
under the influence of the applied electric field towards the electrodes. A part of
the carriers will be trapped and cannot fully contribute to the measured signals
due to the existence of several defects in the large bandgap of diamond. This
reduces the charge collection efficiency (CCE) of the device significantly and can
be responsible for instability. It was found that a high defect level concentrations
have a detrimental effect on diamond samples for medical applications, as they
influence the stability and reproducibility of the X-ray detector [25]. Diamond can
contain several kinds of defects such as impurities, dislocations and grain bound-
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aries [4], which can trap or scatter charge carriers [58]. Nitrogen is considered the
most important impurity in diamond as radiation detector. Nitrogen in diamond
determines the electrical, optical, mechanical and thermal properties of diamond.
Diamond doped with nitrogen can acts as a TLD. High concentrations of nitro-
gen in diamond show both low specific conductance and tend to have much lower
shallow trap concentrations [59].
Defect populations are generally classified as either shallow or deep traps, depend-
ing on the energy or temperature at which they are emptied [60]. Shallow trap
levels are unstable at room temperature and they will be emptied at temperatures
close to 350 K [60]. In contrast, deep levels trap are stable when the detector
operates at room temperature and they remain filled for a long time. Deep traps
are released at high temperature (≈ 550 K). However, a reduction occurs in the
current signal due to losing part of the carriers by filling deep empty levels in
diamond detectors [4].
A weak degradation in the properties of diamond was also found due to the exis-
tence of dislocations [42]. Polycrystalline diamond has a high defect density due to
the nonuniform structure in the grain boundry of the material [61]. These reduce
the number of electron hole pairs available by trapping when forming the detector
signal, and consequently alter the efficiency of the detector. They may have a
long lifetime [60], because defects in diamond often act as charge trapping centres
in particular, as the grain boundaries act as trapping centres in polycrystalline
diamond [4].
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However, there is limited understanding of all the defects and processes that lead
to trapping of carriers in diamond, so it is difficult to understand which defects
need to be reduced or eliminated in order to improve the electronic properties of
the material. Despite all these difficulties, extremely good quality material, with
high electron and hole mobilities, is currently being grown [25]. Improvement of
the performance of the dosimetric response in diamond is possible by following two
methods have been suggested. The first method includes controlling and reducing
defect levels during the growth and preparation of the device. The second method
involves by changing the conditions, pre-irradiation dose, at which the detector is
used in order to adjust the detector response [61], [60], [62].
In the case of other semiconductors, quite high valued charge states of defects
exist, e.g. in silicon, diamond’s closest relation, doubly charged defect states are
common. However, in diamond despite its wider band gap, only singly charged
and neutral states have so far been identified [25].
3.8 Priming and polarizing phenomena
Diamond detectors can suffer from one of the two following potential inter-
facing phenomena during irradiation. The performance of diamond detector in
terms of faster stabilisation and better repeatability of the signal improves with
an intial irradiation prior to use is a phenomena known as the priming or pumping
effect. The priming or (pumping effect) is usually explained by the attribution of
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active traps within the diamond bulk, which are filled by charge carriers generated
by the ionisation. It leads to an increase in the lifetime of charge carriers (electrons
or holes) due to the filling of defect levels with trapped charge carriers produced
in the diamond bulk due the radiation. This is usually achieved by a suitable dose
(from a few grays to tens of grays) of beta, X- or gamma rays because of their capa-
bility to penetrate the whole thickness of the irradiated diamond. Understanding
the priming dynamic requires an understanding of distribution of the traps in the
band gap, their cross section and lifetime. Although there are differences in trap
energy levels reported in the literature, it seems that the most widely accepted
model includes two energy bands of defects: one close to the valence band acting
as hole traps and the other around the gap centre working as electron trap [63],
[64] as illustrated in figure 3.5. In thermal equilibrium, B acts as a hole trap cen-
tre and A as a recombination centre, but after irradiation band B is deactivated,
which increases the induced signal.
Figure 3.5: Scheme of trap levels and charge carrier dynamic in CVD diamond
[65].
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On the other hand, the presence of traps during irradiation of the device
when bias is applied tends to accumulate carriers with the opposite charge to the
electrodes. The subsequent distribution of trapped electrons and holes is non-
uniform. The trapped electrons usually fill the trap levels that are near the anode
and holes usually fill the levels close to the cathode. Therefore, negative charge
will accumulate near the anode and positive charge form near the cathode. This
results in a built up of charge in the opposite direction to the applied electric field,
which reduces the total electric field in the diamond and this process increases
with irradiation time as the traps fill. This process, which is called polarization,
will lead to a reduction in charge carrier velocity and consequently in CCE [65].
3.9 The dosimetric characteristics of diamond de-
tectors
3.9.1 Dose rate dependence
A linear current against dose rate dependence is equivalent to a charge-
dose response independent of dose rate. In the case of solid state (direct-reading)
dosimeters, the Fowler relation is often used to describe the relationship between
the dependence of the photocurrent (I) on the dose rate (D)[25]:
I = Idark +RD
∆ (3.14)
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where Idark is the dark current, R and ∆ are fitting parameters, where in particu-
lar; R is the sensitivity and the exponent ∆ is sometimes referred to as the fitting
coefficient or the linearity index. It is a constant that describes the deviation from
linearity. This factor is also used as a measure of the homogeneity of traps within
the crystal structure assuming ohmic contacts. In the case of crystals character-
ized by a very high quality, the fitting coefficient tends to be equal ∆ = 0.5 and
reaches this value for very pure material with no traps. This makes such a detector
very dose-rate dependent. If the traps distribution in the forbidden gap is uniform
or quasi-uniform it leads to ∆ = 1, and if there are traps in the crystal and all
have the same capture cross section ∆ falls to between 0.5 and 1. If the value is
1, then the integrated photocurrent has no dependence on dose rate, and so will
only be directly related to the integrated dose on the detector, a highly desirable
behaviour for a dosimeter.
According to the literature, ∆ values in PTW diamond dosimeters are of the order
of 0.98-0.99, so the deviation from linearity is very low for PTW natural diamond
devices. In most cases polycrystalline CVD diamond devices exhibit lower values
of ∆ in the range 0.88-0.98, depending on the origin of the CVD diamond and the
applied electrical field. CVD polycrystalline and single crystal diamond devices
made at CEA, France, have been reported to have values of ∆ of 0.97 ± 0.02 and
0.98 ± 0.07, respectively [25].
In the literature, there is no consensus on how ∆ values change with the bias volt-
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age, although Planskoy (1980) studied the dose rate dependence of three selected
natural diamond detectors and concluded that ∆ is independent of some variables
such as bias voltage. Ade et al. (2015) studied the influence of defect levels on
the ∆ values of nine polycrystalline synthetic diamond sensors of different types
and the dependence of ∆ on the bias voltage. The ∆ values of the diamonds were
found to change with various defect levels and it was observed that the ∆ values
of crystals with high defect levels varied with a bias voltage. The differences in
crystal quality due to the presence of defect levels could cause a variation in ∆
values with a bias voltage. In some diamonds samples, the ∆ values were found
to decrease with an increase in applied bias voltage [66]. Ramkumar et al. [67],
also observed a similar behaviour of the ∆ values and explained that this could be
attributed to a reduction in the carrier lifetime with the increase in electric field.
3.9.2 Sensitivity and specific sensitivity
The sensitivity of the detector defines the expected output photocurrent
from the detector for a given incident dose rate or the collected charge per unit
absorbed dose and sensing volume [68]. This is calculated by first performing a
linear regression on the current response as a function of dose rate and secondly
determining the gradient of the regression. Sensitivity is usually expressed in
unit Amps per Gray per second or coulombs per Gray depending on whether the
primary concern is dose rate or the total integrated dose. On the other hand, the
specific sensitivity of the detector can be defined as the sensitivity of the detector
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divided by its sensitive volume. The sensitive volume of each device is calculated by
knowing both its contact area and the crystal thickness [69]. A specific sensitivity
range in PTW natural diamond dosimeters was reported between 50 and 140
nC/Gy.mm3, while in CVD diamond detectors reported values ranging from a
few single to a few thousand nC/Gy.mm3 [69]. Another study reported a decrease
in sensitivity of a diamond detector from 15 to 2 nC/Gy when the X-ray tube
voltage of the irradiating source increased from 100 to 250 kV. This effect was
attributed to the decrease in energy loss in the diamond detector when the X-ray
energy increases [70].
3.9.3 Repeatability
Repeatability is considered one of the main detection properties required for
dosimetric use. For a dosimeter to be reliably usable it needs to have a response
such that the same incident radiation will produce the same response every time
it is exposed. It is also the ability to measure a physical dose correctly and to
reproduce results under similar conditions for long-term or short-term. It is defined
as the percentage ratio of the standard deviation (SD) to the average photocurrent
for tests at a fixed dose rate. It is recommended by the International Atomic
Energy Agency (IAEA) to be less than 0.5 % [69].
REPEATABILITY =
(
SD
AV ERAGEPHOTOCURRENT
)
× 100% (3.15)
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A significant concern in any measurement is its repeatability, which in the present
case means the ability to measure the same photocurrent or collected charge for
the same irradiation conditions.
3.10 The effects of metallic interfaces on dia-
mond detectors
The influence of the interface between low- and high- atomic number (Z)
material has been studied both experimentally as well as by MC simulation by
many researchers. All of the results gathered to date from the interface phenomena
have shown that the interface affects the mean energy deposited to the active
volume of the detector. The study by Gorke et al.(2006), ueses MC simulation
and describes the interface phenomena of passing photon beams from a high-Z to
a low-Z and from a low-Z to a high-Z material, e.g.metallic electrodes deposition
on both sides of the diamond detectors, as illustrated in figure 3.6. The interface
between high and low-Z should be taken into account as a possible source of
electron fluence perturbation and subsequantly changes in energy deposited in the
diamond and thus affectly the absorbed dose reading [1].
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Figure 3.6: (a) An example of the absorbed dose distribution inside a diamond
layer with electrodes on both sides surrounding water. (b) A geometry of semi-
infinite slabs used by Gorka et al.[1].
The interface phenomena appear when the photon beam passes from a high-
to a low- Z material, the dose decreases immediately behind the high Z material.
This is so in case of therapeutic photon beams of relatively low energy e.g. 6
MV. In the case of X-ray beams with energy larger than 10 MV, the absorbed
dose behind the high Z material may increase [71]. However, based on Gorka’s et
al. [1] study and the work done by Baluti et al. [18], complex interface phenomena
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were expected to occur in the case of beams travelling through the medium of
high-Z to low-Z materials. When the photon beams passes from the diamond
layer to the back of the metal, due to the backscattering of low energy secondary
electrons, there is an increase of the absorbed dose in front of high Z material.
This happens at all MV photon energy ranges. In general, the effect of electrodes
as high Z decreases with the diamond thickness and the photon beam energy, but
increases with atomic number (Z) as reported by Gorka et al.(2006) [1]. Also,
the study reported that there is a lack of charged-particle equilibrium in all the
investigated layers in cases where the thicknesses of diamond and electrodes are
very small. This leads to the interface phenomena becoming very complex and the
energy deposited in the sensitive diamond volume is affected by a superposition
of separate contributions from several interfaces [1]. In general, this study was
confirmed that the absorbed dose distribution at micrometer distances from the
interface phenomena.
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3.11 Concluding Remarks
This chapter introduced the properties, historical development overview and
the principle operation of the synthetic diamond as detector. It summarised the
effect of defects, polarising and priming phenomena on the response of synthetic
diamond detector. Some of the dosimeteric characteristics of diamond detector
were described. It also provided an overview of the metal-diamond interface phe-
nomena inside a CVD diamond detector. Owing to the difference in atomic number
between the diamond and the metal, this results in non-equilibrium of radiation-
caused secondary electrons; the energy deposited by these electrons in low Z ma-
terial can result in an increase in the energy absorbed in the diamond detector
during irradiation. It also showed that the absorbed dose distribution reached at
a few micrometer distance from the interface due irradiation from a MV photon
beam.
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Materials and procedure details
This chapter includes an initial brief introduction to the samples used and
their alpha spectroscopy performance followed by details of mounting and the
encapsulation design for the X-ray measurements and the experimental conditions
that were used throughout this thesis work.
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4.1 Sample description and alpha spectroscopy
performance
4.1.1 Samples description
The following measurements of this investiagation used three CVD diamond
samples, two single crystals (SC) and one polycrystalline (PC), which had pre-
viously been fabricated by Hussain Albarakaty [11]. 100 nm thick carbon based
electrodes were produced by ion implantation with carbon(C)/boron(B) into the
diamond samples. All the CVD diamond samples were produced from Element Six
Ltd in UK and have dimensions 5×5×0.3 mm3. Boron ion implantation (60 keV)
was used to fabricate the carbon based electrodes on to one PC (B) and one SC
(B) diamond samples [72]. In addition, one SC (C) diamond sample was fabricated
using Carbon ion implantation (100 keV). This produced conducting electrodes on
both sides of the samples that are adequately tissue equivalent [11]. The samples
were cleaned using acetone and then rinsed in de-ionized water (DIW) in a beaker
using an ultrasonic bath. The single crystal with Carbon SC(C), single crystal
with Boron SC(B) and polycrystalline with Boron PC(B) devices were initially
mounted on 3 mm thick Printed Circuit Board (PCB) using silver paste over a
central hole with a 2.5 mm diameter. A metallic wire bond was fixed by soldering
wires on the copper tracks on the top and bottom of the plastic substrate and the
other end of the wires remained free in order to solder them to a readout cable.
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Then, a connection between the top contact and the top copper track using a thin
wire connected to a separate conductive track on the top layer of the plastic sub-
strate was made as illustrated in figure 4.1. Similar connections on the bottom of
the plastic substrate were done. This process was performed under a microscope.
Figure 4.1: Illustrates the connection of SC (C) sample on the PCB.
4.1.2 Alpha spectroscopy
In order to evaluate expected performance of the charge transport properties
of the samples, the drift of electrons and holes has been characterised separately
by changing the applied bias to the irradiated surface during alpha particle spec-
troscopy characterisation. The charge induced under applying a negative bias on
the top electrical contact is sensitive to electron drift whilst applying a positive
voltage on the top electrical contact is sensitive to hole drift [12]. CVD diamond
samples with carbon based electrodes have been studied, i.e assessing the charge
collection efficiency (CCE). All measurements were performed at room tempera-
ture.
The CVD diamond devices’ spectra were acquired in a vacuum and irradiated by
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an alpha source (Am− 241). The emitted alpha particles suffer from attenuation
within the source itself and hence the average alpha energy emitted is only 4.95
MeV with board spectrum. The source was mounted around 2 cm above the sam-
ple. A vacuum pump was connected to a cryostat to avoid further loss of energy
from the alpha particles due to attenuation in air. As illustrated in figure 4.2,
the devices were connected to a pre-amplifier (Ortec-142A) and the output signals
were amplified using a shaping amplifier (Ortec 570)(set to a gain of 0.5, course
gain of 200 and shaping time 2 µs). Both the pre-amplifier and the shaping ampli-
fier signals are visualized on a digital oscilloscope. The shaping amplifier output
was connected to a PC via a Multi Channel Analyser (MCA).
Figure 4.2: The schematic diagram of the electronic circuit setup used in the alpha
particle spectroscopy measurements[72].
To calibrate the energy of the MCA spectra, the pre-amplifier was discon-
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nected from the device and connected directly to a signal generator through a 2.31
pF capacitor (Ctest). The average energy to create an electron-hole pair (Wehp)
of 13.2 eV/ehp for diamond was taken into account [73]. Moreover, by applying
the data obtained from the alpha spectra in equation (4.1) the centroid channel
number at each bias was converted to energies (EPULSER) in (keV ) [74].
EPULSER(keV ) = VPULSER(mV )×Wehp(eV/ehp)× Ctest × 6.25 (4.1)
where Wehp is the average energy to create one electron-hole pair, equal to 13
eV/ehp in the case of diamond, and 6.25 is a conversion factor.
A linear regression analysis was performed on the energy vs pulse generator voltage
data, as seen in figure 4.3.
Figure 4.3: Energy calibration for the Alpha Spectroscopy system.
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Figure 4.4 shows the spectra of the alpha particles using diamond sensors
at different applied negative and positive bias voltages. By increasing the bias
voltages (negative or positive) on the SC devices, the spectral peak is shifted to
a higher energy position and the resolution is improved. There is no significant
change in the peak amplitude with increasing bias voltage after 250 V, as there is
no further increase in the charge collection efficiency (CCE). There is an increase
in peak broadening when the voltage is less than 250 V. The board width of
alpha peak is caused mainly by variation in the CCE due to diamond structure
and carried with non-uniform electric distribution. In contrast, by applying the
negative and positive bias voltages on PC(B) no peak in the spectra has been
detected as seen in figure 4.4. This reflects the inhomogeneity of the transport
properties of the material due to the presence of grain boundaries, which have a
very high density of traps [75]. There was no considerable improvement obtained
by increasing the negative and positive bias higher than 400 V.
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Figure 4.4: Alpha spectra of the SC(C), SC(B) and PC(B) diamond devices under
Am-241 (α-source) by applying negative and positive bias voltages.
The SC devices’ spectra have defined peaks, which were fitted to Gaussian
distributions. The results of the Gaussian fit, used to determine the centroid lo-
cation and FWHM, are sensitive to define the region of interest (ROI) induced
in the fit to find the approximate CCE. The CCE vs. the applied bias voltages
was compared between the two SC devices, as shown in figure 4.5. The observed
increase in peak spectrum energy with applied bias voltage in SC samples is com-
parable to those reported for samples with conventional contacts elsewhere [76, 77].
The energy resolution is strongly believed to be related to both the life time of
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charge carriers [78] and the CCE [76]. The improvement in centroid position in
the devices was caused only by stronger and greater penetration of electric field.
(a)
(b)
Figure 4.5: Plot of the CCE of the a) SC(C) and b) SC(B) CVD diamond devices
as a function of both negative and positive bias voltages.
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In the case of the SC(C) device, it is clear that positive bias voltage (hole
drift) has higher CCE compared to electrons (negative bias voltage). At the
positive bias, CCE > 70 % is obtained over a wide range of bias starting from
50 V to 400 V and a max CCE ≈ 90 % is observed. As for the negative bias
voltage (electron drift), the high CCE ≈ 80% achieved at high bias voltage is due
to an increase in the number of collected charge carriers at higher bias. It is clear
from figure 4.5 that in the SC(B) case at positive bias (hole drift), the CCE plot
differs from that which is obtained at negative bias. The CCE increases with bias
reaching a maximum CCE value of ≈ 92%. As for the negative bias (electron
drift), the highest CCE value of ≈ 90% is achieved at high bias voltage is due to
the increased number of the collected charge carriers at higher bias. In general,
The CCE and drift velocity with bias voltage provide no associated problem from
breakdown or from leakage current in the material. Holes have higher mobility
than electrons this could be due to better holes transport in these devices and the
CCE for electrons may be attribute to the higher density of electron traps. Also,
the hole and electron transport did not reach to 100% could be due to loss of alpha
particles energy in air and exsiting traps in diamond.
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4.2 Tissue-equivalent design of detector encap-
sulation
The CVD diamond samples used as X-ray detectors are connected by gold
wires to the electrodes using graphite paint (Electrodag 502, USA). Then, the gold
wires were connected to a triaxial cable for readout. Samples were mounted inside
a solid water phantom (Gammex,USA), in order to minimize fluence perturba-
tions. In photon beam dosimetry, a water phantom was suggested by Svensson
and Brahme (1986) to be used as wall material for these CVD-diamond detectors
to prevent mechanical damage and significant perturbation to the radiation uence
traversing the detector, as well as properly isolating and protecting the active
device from the external environment by an appropriate housing [79]. A water
phantom is nearly water-equivalent in photon beams and it is at the same time
nearly equivalent to the detector sensitive volume. A similarity in atomic compo-
sition of all three media: solid water phantom, diamond bulk sample and carbon
based electrical contacts, is very important in the design of an energy independent
detector [80]. In order to carry out the following measurements, a 3 mm diameter
plug on the top half part of the solid water phantom was created to allow replacing
the solid water phantom plug with different high Z elements near the detector as
illustrated in figure 4.6.
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Figure 4.6: Schema of the constructed CVD diamond detector with water equiva-
lent casing.
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4.2.1 Variation of detector response with removing solid
water plug
A 1 cm thickness plug was placed on the front of the diamond (from the
X-ray source) to record the response due to adding and removing the plug. This
assessment was carried out for different X-ray tube setting and at different applied
bias voltages as illustrated in figure 4.7. In the SC(C) detector, at 10 kVp, the
reduction in the photocurrent with the plug was found to be 100%. The corre-
sponding photocurrent reduction for 20, 30, 40, 50 kVp were found to be 84%,
75%, 70% and 65%, respectively. In general, the reduction of the photocurrent
of the detectors decreases with an increase in the tube voltage and bias voltages.
SC(B) and PC(B) detectors show nearly the same percentage values of the reduc-
tion. The reduction in the radiation dose that was observed for that thickness
of solid water plug caused by attenuation is significant in dose information. This
emphasizes the variability of the detectors described.
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(a)
(b)
Figure 4.7: (a) Response of SC(C) detector with and without 1cm a removable solid
water plug at different tube voltage setting and (b) The change in the photocurrent
δI with and without solid water against X-ray tube voltage at applying different
bias voltages.
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4.3 Current-voltage characterise and X-ray mea-
surements
The Current- Voltage (IV) characteristics of the diamond devices was investi-
gated in both dark conditions and under X-ray irradiation. IV measurements were
carried out using a Keithley 487 voltage source (picoammeter), which was also
used to apply a bias voltage to the device, and controlled by a PC. The implanted
electrode CVD diamond samples were mounted inside each solid water phantom
encapsulation design. A Labview program is used to control the measurements,
which controls the scanning range of the applied bias voltage, the size of the volt-
age steps and settling time at each bias before recording the current. Two X-ray
tubes were used. The first X-ray source used to carry out photocurrent measure-
ments was an Oxford Instrument 50 kVp X-ray tube with a Mo target (series 5000,
model XTF5011, 93069). The variations in the dose rate were achieved by chang-
ing the tube current in the X-ray tube. The current can be changed from 1 µA to
a maximum 1 mA. In order to measure the current inside the diamond devices, the
sample was connected to the same circuit as explained at the beginning of section
4.2. All measurements were carried out at room temperature in air. The second
X-ray source used was a 225 kVp unit with a tungsten reflection target (Comet
MXR 225/22 with a Gulmay CP-22 power supply) with operational tube voltages
up to 160 kVp. The variations in the dose rate were achieved by changing the
tube current in the X-ray tube between 0.1 mA and 30 mA.
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In order to calculate the relevant values of the qualified dose rate for the X-
ray beam with the change in the tube current a calibrated ionization chamber
(NE2571) has been used. This chamber was connected to a Standard Farmer Ion-
isation Chamber with an integrated voltage source and dose rate meter (NE tech-
nology LTD, UK) via a RS 232 Port. During the calibration process the detector
was replaced with an ionization chamber which was placed directly in front of the
X-ray tube at the same distance where the diamond detector was later positioned
for the measurements. The measured values were used to give a calibration curve
for the detector between the dose rate and the induced photocurrent. The dose
rates resulting from this study using 50 and 100 kVp are illustrated in figure 4.8.
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Figure 4.8: Dose rates of the X-ray beams at tube voltage 50 kVp (Oxford Instru-
ment) and 100 kVp (Comet MXR 225/22).
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4.4 Concluding Remarks
For this study, two commercial single crystalline (SC) and one polycrystalline
(PC) CVD diamond samples with carbon based electrodes on both sides of the
samples that are adequately tissue equivalent have been used. The expected per-
formance of detectors was evaluated using alpha particles. The induced signal in
each sample due to alpha particles irradiation has been characterised for electron
and hole transport separately by changing the applied bias voltage polarity to the
irradiated surface.
The CVD diamond samples used as X-ray detectors are connected by gold wires
to the the electrodes using graphite paint. The gold wires connect to a triaxial
cable for readout. The CVD diamond sample together with the wire connection
and triaxial cable is mounted in a housing made of solid water in order to mini-
mize fluence perturbations. From a dosimetry point of view, a similarity in atomic
composition of all three media: solid water and diamond bulk with carbon based
electrodes should be beneficial for the design of an energy independent detector.
Following this requirement and in order to carry this study, a 3 mm diameter plug
on the top half part of the solid water was created to allow replacing the solid
water with different high Z metals and butted up to the detector.
Adding different metals butted up to detectors have been investigated experimen-
tally as generators of photoelectrons using 50 kVp and 100 kVp X-ray energies on
different types of synthetic diamond detectors with carbon based electrodes. These
energies form part of radiation therapy for superficial treatments. The kilovoltage
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energy ranges used in this study for the high sensitivity of the photoelectric cross
section to small variations in Z at these energies is critical due to considerable vari-
ation in the stopping power and mass attenuation coefficient ratios. Also, the dose
enhancement phenomena become an issue when testing semiconductor devices to
evaluate their response to lower energy portion of ionising radiation.
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Detector evaluation
In this chapter, several types of the CVD diamond detectors with carbon
based electrodes,two SC and one PC samples, were tested. The samples were
fixed inside the encapsulation design as described in the previous chapter as X-ray
dosimeters and were examined to evaluate the operative and dosimetric properties.
A set of X-ray measurements at 50 kVp was taken to identify the optimum detector
operational parameters and assess their performance to gather baseline information
about each device and to confirm that the detectors exhibit similar behaviour to
what is reported in literature for similar devices.
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5.1 Electrical characterisation
5.1.1 IV characteristic
Current-Voltage (IV) measurements are used to characterise the electrical
properties of the three diamond detectors with carbon based electrodes by mea-
suring the dark current and the X-ray induced current, as shown in figure 5.1. The
bias voltage was applied at the top contact and varied from −300 V to +300 V
with steps of 5 V. It should be noted that all IV measurements were performed at
room temperature in air.
Figure 5.1: IV characteristics of the three diamond detectors were connected inside
the solid water holder SC(C),SC(B) and PC(B) both in (a) dark conditions and
(b) under 50 kVp X-ray irradiation at distance = 9.5 cm and dose rate = 68.06
cGy/min.
It is clear from figure 5.1 that all detectors show an approximately symmetric
behaviour with respect to the polarity of the external electric field between −300
and +300 V in both dark current and under X-ray irradiation. It is also clear
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from figure 5.1 that the IV characteristics for the three CVD diamond samples
have a relatively low value of dark current compared with the radiation induced
current. The increase in the current signal with increasing bias voltage can be
interpreted to be due to the greater the charge collection of the device and con-
sequently the rapid rate of e-h recombination phenomenon being overcome [81].
The dark current values in the SC(C) and SC(B) samples are low compared to
PC(B). The reason could be due to the presence of defects in the bulk material.
As a result of the defects, energy levels exist within the bandgap of the device and
will lead to increase the transition probability of electrons from the valance band
(VB) to the conduction band (CB) via thermal excitation generating more free
charge carriers in dark current conditions, hence increasing the magnitude of the
dark current [75].
Under X-ray irradiation the curves shift to the higher current values for all de-
tectors as a result of exposure as seen in figure 5.1. For the diamond detectors
implanted with boron, the plots show an approximately symmetrical and stable
behaviour at both positive and negative bias. The figure also shows that the
SC(B) detector exhibits a low photocurrent when compared with the SC(C) de-
tector. These confirm that the detectors show similar signal behaviour compared
to previous observations as reported in literature for similar devices, in that both
SC detectors exhibited higher current values compared to the PC detector while
the SC(C) detector exhibit higher photocurrent signal than SC(B) [11].
In the field of X-ray dosimetry, signal to noise ratio (SNR) is calculated as the
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ratio between the steady state photocurrent and the steady state dark current. It
is one of the main parameters to evaluate the performance of the detector. In the
samples the SNR decreases as the bias voltage increases, due to the dark current
rise being significantly stronger than the increase in the photocurrent with bias
as illustrated in table 5.1. In SC(C) and SC(B) detectors this ratio significantly
increased (>1000) at 50 V, which satisfies the requirements of IAEA [82]. In
contrast, the SNR of the PC(B) detector could not satisfy this requirement.
Table 5.1: SNR values of the three diamond detectors SC(C),SC(B) and PC(B) un-
der 50 kVp X-ray irradiation at distance = 9.5 cm and dose rate = 68.06 cGy/min.
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5.1.2 Response of the diamond detector to tube current
and tube voltage variations
The variation in the response as a function of X-ray tube current (µA) and
tube voltage (kV) of the diamond samples used for the study was measured. This
was carried out for the three CVD diamond detectors with carbon based electrodes,
at different tube voltages of 20, 30, 40 and 50 kVp and the latter at different tube
loadings of 200, 400, 600, 800 and 1000 µA. The measurements were intended
to compare and gather baseline information about the detectors, i.e., to assess
their response characteristics with dose or with progressive X-ray irradiation. An
increase in current (µA) or voltage (kV) being the two parameters that lead to
an increase in the received dose. Figure 5.2 shows the response of the diamond
detectors in varying X-ray tube voltage at a constant tube current. This test was
carried out to determine the linearity of the diamond probe with energy.
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(a)
(b)
Figure 5.2: Response of (a) three SC(C), SC(B) and PC(B) diamond detectors at
50 V bias voltage and (b) SC(C) CVD diamond detector at applied bias voltages,
against varying X-ray tube 20,30,40 and 50 kVp at tube current setting 1000 µA.
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The linearity of the detectors with tube loading was also measured at a
constant tube voltage. Graphs of the linearity measurements are presented in
Figure 5.3.
Figure 5.3: Response of the three CVD diamond with carbon based electrodes
SC(C), SC(B) and PC(B) at bias 50 V with varying X-ray tube current 200, 400,
600, 800 and 1000 µA and tube voltage setting was 50 kVp.
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5.1.3 Signal profile
Figure 5.4 shows the photocurrent time response of the diamond detector
when the X-ray flux is switched off and on. The current reaches a higher stable
value when switching on the X-ray tube after approximately 3 seconds. In contrast,
at turn off time the current reaches the dark current value after switching off the
X-ray tube within 1 seconds. This behaviour is reflecting any sudden changes in
the X-ray beam. It is important to mention that part of the measured rise and
fall-off times comes from the time needed for X-ray tube to build up to the required
current for reaching a steady state. Also, part of this time may be dominated by
the release of carriers trapped within the defect levels at room temperature.
Figure 5.4: Photocurrent signal as a function of time for the SC(C) detector
indicating the rise and fall-off times at 50 V irradiated by 50 kVp X-ray at 68.06
cGy/min.
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5.1.4 Pulse shape characterisation
The aim of this experimental series is to examine the response and stability of
the photocurrent and subsequently sensitivity as a function of applied bias voltage
and the dose rate. This experiment assists to identify the optimum bias voltages for
the diamond detectors in order to operate in terms of highest SNR and stability.
Figure 5.5 shows the current signals in the three detectors as a function of the
X-ray dose rates at different biases. The dose rate was controlled by changing
the X-ray tube current from 1000 µA to 200 µA, 200 µA intervals. Increasing
the X-ray tube current leads to an increase in the photocurrent signals in all
samples and this is due in turn to the increase in the electron-hole pairs created by
increasing in the dose rate. Moreover, an increase in photocurrent within the CVD
diamond detector with increasing dose rate, can be attributed to the filling of deep
traps, which in turn decreases the number of free traps and consequently increases
the signal amplitudes [12]. The average current measurements have been taken
after recording for 20 seconds at each dose rate and obtaining average equilibrium
current values for different bias voltages to produce the data shown in formulating
the dose rate response considered in section 5.2.2. The pulse shape characteristics
at negative bias voltages have also been observed symmetric behaviour as in applied
positive bias voltages for all three detectors.
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Figure 5.5: Photocurrent signals amplitude of the three CVD diamond detectors
(a) SC(C), (b) SC(B) and (c) PC(B) for 50 kVp X-rays at different dose rates
12.30,26.34,40.22, 54.41 and 68.06 cGy/min and at different bias voltages
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5.2 Dosimetric characterisation
5.2.1 Signal repeatability
One of the aspects in any measurement is its repeatability, which in the
present case means the ability to measure the same current or collected charge for
the same irradiation conditions. The deviation in repeatability and the stability
can be expressed as the ratio of the standard deviation to the mean average pho-
tocurrent in each of these three samples. The longer exposure to radiation leads
to more traps being filled, therefore the photocurrent approaches its saturation
value. In contrast, in the case of a break between the exposure when the radiation
is stopped the charge is released from the shallow traps and flows as a leakage
current. To investigate the repeatability, the three samples were irradiated to a
test dose of 68.08 cGy. The photocurrent signals (averaged over four pulses) were
recorded at equal time intervals state value for each sample for identical same dose
rate and bias voltages. The current measurements were performed for the three
detectors SC(C), SC(B) and PC(B) for different bias voltages 50, 150 and 250 V
as shown in figure 5.6.
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Figure 5.6: Repeatability of the three detectors (a) SC(C), (b) SC(B) and (c)
PC(B), under bias voltages 50, 150 and 250 V at dose rate 68.06 cGy/min and
tube voltage 50 kVp.
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A summary of the data provided in table 5.2 is that a deviation in repeata-
bility of less that 0.5% is observed for all three samples at bias voltages, where
the exposure time and the resting time are constant. This satisfies the IAEA
requirement for dosimetric assessments. This is attributed to the stability of the
equilibrium current, thus the response of the diamond in respect to the occupation
of electronic traps is repeatable in each irradiation.
Table 5.2: Repeatability of the three samples SC(C), SC(B) and PC(B), under
bias voltages 50, 150 and 250 V
5.2.2 Dose rate response
The aim of this section is to use the previously measured photocurrent signals
(section 5.1.4) to investigate the linearity of the diamond detectors for the available
range of dose rates. Figure 5.7 shows the dose rate linearity of the three detectors
at different applied bias. For all three detectors a slight sublinear relationship is
observed at different bias voltages between the photocurrent and the dose rate.
The sublinear increase of the photocurrent as the dose rate increases means that
the charge carrier’s lifetime decreases as the dose rate increases.
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Figure 5.7: Photocurrent of the three samples (a) SC(C), (b) SC(B) and (c) PC(B)
at different dose rates ranging from 12.30 to 68.06 cGy/min. The detectors were
exposed to 50 kVp X-rays.
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The value of the nonlinearity index ∆ from Fowler’s relationship as in equa-
tion (3.15) was found by linear regression of the photocurrent signal against the
dose rate in a log-log plot. Figure 5.8 shows ∆ for the three detectors at different
bias. In general, the detectors have ∆ close to unity. Both SC detectors show
∆ between 0.92 and 0.96, which indicates a quasi-uniform trap distribution. The
PC(B) detector has ∆ between 0.8 and 0.9. These values are in good agreement
with those reported in the literature, which range between 0.9 and 1 for CVD dia-
mond [8, 11, 83, 84]. The values of ∆ decrease systematically with bias voltage in
the SC detectors versus an increase in the case of the PC(B)detector. Generally,
it seems to stabilise beyond 150 V. Also, the values of ∆ for all detectors were
symmetric with either positive or negative bias voltages.
Figure 5.8: ∆ values as a function of the detector applied bias obtained for the
three ,SC(C), SC(B) and PC(B), detectors
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5.2.3 Sensitivity
The device sensitivity to the X-rays can be calculated by applying Fowlers
relationship in (3.14). Figure 5.9 shows that the sensitivity for the three samples
increases with applied bias voltage. The SC(C) and SC(B) detectors show higher
values than the PC(B) detector. This is because the CCE in the SC detectors is
higher than in PC detector as demonstrated by the alpha spectroscopy in section
4.2.
Figure 5.9: Sensitivity of the three diamond detectors SC(C), SC(B) and PC(B)
as a function of applied voltage.
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5.3 Concluding Remarks
This chapter has focused on the electrical and dosimetric characterisation of
the SC and PC samples with carbon based electrodes due to the metal-less connec-
tion within the encapsulation design. This work was characterised using 50 kVp
at different bias voltages, and it was undertaken in order to seek confirmation that
samples behave similarly to what is available in the report in the literature. The
synthetic diamond detectors have the suitability in medical radiation dosimetry
due to use the near-tissue equivalence of diamond in a solid water encapsulation
housing with the metal-less connection that gave rise to signal stability, high SNR,
and no overshoot observation. The SNR of the SC detectors was higher compared
to the PC detector and the values of the SNR was higher at lower bias voltages
for all three detectors. The radiation response of diamond detectors with vary-
ing X-ray tube voltages at constant tube current and the X-ray tube current at
constant tube voltage are showing linearity relationship of the photocurrent de-
tectors against tube energy and tube current in applying different bias voltages.
The signal repeatability of the diamond detectors satisfied the IAEA requirement
for dosimetric assessments. This is attributed to the stability of the equilibrium
current, thus the response of the diamond detectors in respect to the occupation of
electronic traps is repeatable in each irradiation. The sublinearity relationship of
the photocurrent response against dose rate at a variety of applied bias voltages,
the non-linearity index ∆ and the sensitivity confirmed that the detectors exhibit
similar behaviour to what has been reported in the literature for similar devices.
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Monte Carlo simulation
A range of Monte Carlo simulations were performed to study the effect of
dose enhancement caused by interfacing metal and diamond detectors. This chap-
ter gives a brief introduction on the Monte Carlo code used, code selection and
validation of Monte Carlo simulation. Afterwards, the results from the Monte
Carlo simulation is discussed in details making comparison with the findings of
experiments presented in chapter 7.
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6.1 Introduction
In the 1940s, the Monte Carlo (MC) method was connected with computa-
tional statistical Methods used to simulate experimental nuclear reaction results
by a group of physicists working on the development of nuclear weapons at the
Manhattan project in the Los Alamos National Laboratory in the United States.
In 1930, the application of the method for radiation physics was suggested by
Enrico Fermi. After the introduction of digital computers in the 1950s, the use
of MC methods increased due to the repetitive nature of a large number of cal-
culations and this was true after introduction of ETRAN in 1963, the first spe-
cialised electron-photon coupled radiation transport computer code. There are
several applications of MC in radiation physics and in other scientific applications
such as chemistry, biology, finance, oil exploration, disaster studies and material
science [85]. The MC methods in general are a computational framework that
provide statistical solutions to different mathematical problems using repeated
random sampling, which provides a good solution to problems that cannot oth-
erwise be easily solved by analytical methods [86]. The MC simulation runs for
each particle using physics equations, interaction cross section data and geometry
information to determine and record the interaction types and locations. Then
the results are inferred from recorders or the history of each particle’s interac-
tions in each region of the geometry. In the literature, there are several review
articles of MC codes available for nuclear and radiation transport simulation appli-
cations such as Electron-Gamma Shower (EGS) and its successor EGSnrc from the
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Canadian National Research Council (NRC) [87], PENELOPE [88], Geometry and
Tracking (Geant) and Geant4 is the last version developed by the European Orga-
nization for Nuclear Research [30], [89], FLUKA [90] and others. Some of these are
free of charge and others are mainly available for commercial applications. Some
codes were developed for specific applications such as medical physics to simplify
the modelling, simulation and result interpretation. BEAMnrc, DOSXYZnrc and
BEAMDB that complement the EGSnrc code are specifically designed for medical
physics applications and particularly the simulation of linear accelerators and X-
ray generators. Geant4 has two derivative codes, the Geant4-based Architecture
for Medical-Oriented Simulations (GAMOS) and Geant4 Application for Tomo-
graphic Emission (GATE) that support medical physics simulations of linear ac-
celerators and tomographic imaging respectively. EGSnrc and Geant4 codes were
investigated and tried at the beginning of the MC study during this investigation.
6.1.1 BEAMnrc code selection
Electron Gamma Shower (EGSnrc) is one of the most popular MC codes for
medical physics. EGSnrc has very accurate physics models for radiation interac-
tions though it is limited to photons, electrons and positrons in the energy range
of 1 keV to 10 GeV [91] and does not include neutron interactions. This code has
been released as general purpose and it is relatively easy to use for modelling and
running simulations. The latter codes and the main EGSnrc code are accessible
through user friendly graphical user interfaces (GUI). Geometry modelling and
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simulation configuration can be seamlessly carried out using the GUIs without the
need for any code writing or programming using the built-in geometry Component
Modules (CM). EGSnrc must be installed and configured before installing or using
the BEAMnrc package [92]. BEAMnrc is software based on EGSnrc available to
download free for scientific research use and does not require a special license or
registration from the NRC internet website for Linux and Windows operating sys-
tems. It can be used on its own to build, compile and run simulations without the
need to run EGSnrc. BEAMnrc was developed as a part of the Ottawa Madison
Electron Gamma Algorithm (OMEGA) project to model and run Monte Carlo
simulations for radiotherapy treatment sources in order to develop a 3D treatment
planning tool. The EGSnrc/ BEAMnrc MC code has been extensively used to
simulate the characteristics of megavoltage (MV) electron and photon beams in
commercial medical accelerators, as well as X-ray treatment units in KV, to mea-
sure the absorbed doses [93]. In the study of this investigation BEAMnrc was
used to model the diamond detector geometry with and without metal layers and
their dose deposition in the selected phantom. During the simulation the cross-
section data (the information of particles charge, direction, position and energy)
for different media are stored in a file called pegs file which is needed to be used
for BEAMnrc simulation. For all simulations performed, the cut-off energies for
electrons and photons were AE = 0.521 MeV and AP = 0.01 MeV in BEAMnrc.
The cut-off energy means that photons and electrons whose kinetic energy is lower
than the cut-off value are not tracked and all the energy is deposited locally. The
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source of the beam, the incident particle and the number of histories was parallel to
the direction of the radiation beam from the front, photons and 108, respectively.
The default transport option parameters were selected as shown in table 6.1.
Table 6.1: BEAMnrc transport option parameters used in this study.
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6.1.2 Validation of Monte Carlo code simulation
In order to evaluate that the MC simulation was running correctly, a geome-
try has been investigated that can easily be compared with theory. The half value
layer (HVL) of Al was calculated and compared to expected value based on the
mass attenuation coefficient for Aluminium, which was obtained from National
Institution of Standards and Technology (NIST) [94]. Five layers of Aluminium (5
× 5 cm2) with different thickness (0.1 to 0.5 cm) for 100 kVp were modelled using
the BEAMnrc code. The number of histories was set to 108 for each simulation.
The mean energy of the X-ray spectrum was obtained from the integration of the
spectrum and then finding the photon energy at the half of the integration value
as seen in figure 6.1.
Figure 6.1: Photon energy spectra for 100 kVp beam.
The mean energy was found 69.3±0.5 keV. After that, the ratios of the num-
ber of photons before and after these layers were calculated. Finally, the linear
attenuation coefficient was obtained from the relationship between the Aluminium
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layers thicknesses and these ratios using equation (2.5). However, according to
NIST the mass attenuation coefficient of Aluminium at this energy is 0.17 cm
2
g
.
Thus, the linear attenuation coefficient is 0.45 cm−1 by multiplying the mass at-
tenuation coefficient with the density of Aluminium (ρ = 2.70 g
cm3
)and the HVL
is 1.53 cm.
By plotting the natural logarithm of the photons number ratios before and after
these layers as a function of the layer thickness, figure 6.2 shows the linear attenu-
ation coefficient from the slope of the straight line which is 0.43±0.02 cm−1. Thus,
the HVL of Aluminium for 100 kVp is 1.61 ± 0.031 cm.
Figure 6.2: The ratio of the photon number transmitted through Aluminium layers.
In conclusion, the calculated HVL obtained is in good agreement with the
calculated HVL based on the mass attenuation coefficient which was obtained from
the NIST website, which confirms that the code is operating correctly.
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6.2 Results and discussions
The purpose of this section is to present the MC code BEAMnrc simulation
results in order to understand the predicted photoelectron dose enhancement at the
diamond-metal interface and the dependence of dose enhancement on the photon
beam energy, atomic number Z, the thickness of the high Z metal placed near the
interface, the depths range affected by the dose enhancement and the effects of
irradiation direction. The results are presented in terms of the dose enhancement
factor (DEF).
6.2.1 The influence of dose deposition on the diamond de-
tector with and without carbon based electrodes
MC simulations have been used to calculate the dose per incident fluence as
a function of depth of the diamond layers. Initially, the dose enhancement through
the diamond with the existing thin carbon based electrodes was evaluated. Ac-
cording to the results presented in figure 6.3 and table 6.2, it is clear that the
detectors with carbon electrodes surrounded by a water phantom do not show en-
hancement of the absorbed dose in the whole investigated range of diamond depth.
This is because both graphite and diamond have identical atomic composition.
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Figure 6.3: Plot of the dose distribution in the diamond layers for the different
electrode modalities used in this study (Carbon and Boron implanted) compared
to pure diamond.
Table 6.2: Dose deposited in the diamond layers per incident fluence. The incident
fluence is (2 × 108 ) 1/cm2 in all cases.
Modelling DEF as a function of Gold thickness and depth into the dia-
mond
In order to study the dose enhancement by adding a thin layer of metal
adjacent to the diamond sensor experimentally, Monte Carlo calculations were
used to select the optimum high Z metal thickness to achieve maximum dose
enhancement. Figure 6.4, shows that the first layer describes the metal added
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on the top of the detector while the following layers describe the diamond depths
including the carbon based electrodes. A 0.03 cm total depth of diamond detector
divided into six slabs, each 0.005 cm thick, were used with the aim to understand
how deep the high Z layer perturbations influences the dose deposition inside the
detector.
Figure 6.4: BEAMnrc phantom scheme. The water phantom represents the holder
surrounding the CVD diamond; the gold wires have been ignored.
The dose distribution which occurs due to the gold-diamond interface was
calculated for a 100 kVp X-ray beam, with a range of gold thickness of 20 nm
to 1.5 mm. It is clear from figure 6.5 that the dose at the surface increases by
adding the gold thickness layer near the detector at thicknesses of less than 4
µm. In contrast, the gold layer’s behaviour as an attenuator begins to dominate
and reduce dose when thicknesses are greater than 4 µm. Thus, the optimal gold
thickness for experimental dose enhancement studies is 4 µm for 100 kVp.
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Figure 6.5: DEF with and without gold layer in the diamond layers per incident
fluence at different thicknesses.
6.2.2 Modelling the DEF of diamond dependent on for-
ward/backward irradiation
The optimum gold thickness of 4 µm identified in the study presented in the
previous section has been selected as a test case in order to study the radiation
dose perturbation near two media of different atomic number Z by irradiation with
an X-ray beam. Figure 6.6 illustrates the two irradiation geometries investigated
for the direction of the photon beam through the metal/diamond interface. The
irradiation direction is described as forward when the X-ray beam passes through
the high Z metal into the diamond detector. In contrast, the backward irradiation
direction is referred to the beam passing through the active volume of the diamond
first, before reaching the metal.
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Figure 6.6: Illustration of the irradiation directions of the photon beam through
the metal/diamond interface.
In order to plot the data of diamond depth against DEF, the DEF is defined
as the ratio of the absorbed dose in diamond using metal over the dose absorbed
in diamond using a solid water phantom near the electrode. In the case of a gold-
diamond interface, there is an increase in the number of electrons generated in the
gold layer thickness, and these electrons penetrate into the diamond and enhance
the dose received in the diamond near interface compared to the dose in diamond
without metal. Figure 6.7 shows the BEAMnrc simulated DEF against diamond
depth from the interface for a 4 µm thick layer of gold, which is approximately
symmetric for X-ray irradiation in forward and backward geometry for 50, 80 and
100 kVp beams. The dose distribution for both backward and forward regions
is approximately symmetrical for different X-ray energies since the photoelectron
effect emits electrons approximately isotropically. This is in agreement with the
findings of Long et al., that the dose distribution is approximately the same for
X-rays beam traversing the interface in either direction [24].
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Figure 6.7: Simulation of DEF due to a thin gold (Au), 4 µm, layer on top of the
CVD diamond on one side for different energy X-ray beams
As seen from figure 6.7 strong dose enhancement in the diamond occurs near
the surface of the diamond device and decreases as the distance from the metal-
diamond interface increases. This study agrees with previous MC simulations
on diamond detectors [1] which found that the sensitive region for photocurrent
generation and the absorbed dose distribution is at micrometre distances from
the interface. This is because the fluence of the secondary electrons increases
with the photon energy. The slight increase of the low energy secondary electrons
contributes to the increase the dose enhancement near the interface in the forward
irradiation.
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6.2.3 Modelling the DEF of diamond dependent on atomic
number of metal
This section focuses on comparing the influence of altering Z near the dia-
mond detector to calculate DEF in the energy range of 50 and 100 kVp. More-
over, a comparison to experimental results will be included in the following chapter
7. In general, it shows that the largest dose enhancement is obtained at metal-
diamond interface and hence the number of secondary electrons increases signifi-
cantly through the generated electrons backscattered from the metals with higher
Z near diamond. This implies that the dose enhancement in the backward re-
gion for the photon beam is primarily due to excess secondary electrons. The
MC simulation results revealed that the DEF calculated at the interface increases
with increasing photon beam energy as well as increasing atomic number of the
high Z metal. As photon energy increases, the energy of the number of secondary
electrons produced from the high Z material also increases. Figure 6.8 shows the
absorbed dose distribution in the range of 0 to 50 µm distance from the interface
for different types of high Z metals near the diamond. It shows that the DEF of
diamond near a 1 cm thick piece of Lead is higher than the DEF of the diamond
near 4 µm Gold and 1 cm Copper. The total DEF values of the diamond near
high Z extracted from the MC simulations are summarised in table 6.3.
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Figure 6.8: The dose enhancement factor against diamond depth from the interface
calculated for the 100 kVp beams with 1 cm thick Copper and Lead, and 4 µm
thick Gold.
Table 6.3: Illustrates the simulated total DEF with the uncertainties in the whole
sample using the BEAMnrc simulation code for the 50 and 100 kVp beams with
a variety of 1 cm thick of Copper and Lead, and 4µm of Gold
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6.3 Concluding Remarks
The associated BEAMnrc from EGSnrc code was employed to simulate di-
amond detector with electrodes, simulate the dose distribution and total dose
deposited inside the detector with and without metal plugs. The dose distribution
for both backward and forward regions was found to be approximately symmetric
for different X-ray energies (up to 100 kVp) since the photoelectric effect emits
electron approximately isotropically. The strong dose enhancement in the dia-
mond occurs at the surface of the diamond (within tens of micrometers for the
X-ray energies) and decreases as the distance below the diamond-metal interface
increases. The ratio of the total dose deposition in the diamond device with and
without metal is accounted for by using a term called dose enhancement factor
(DEF). The simulated DEF at the interface increases with increase of the atomic
number of metals.
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Dose enhancement effect on
synthetic diamond detector
The aim of this section is to present the experimental X-ray induced pho-
tocurrents of the diamond dosimeters with and without diamond-metal interface
at different bias voltages. This includes the effect of the metals on the photocur-
rent performance, photocurrent ratio measurements and dosimetric characteristics.
Monte Carlo (MC) simulations from previous chapter and experimental measure-
ments are compared to determine the perturbation on the diamonds’ photocurrent
signals due to the dose enhancement. The data includes the response of the avail-
able diamond detectors with carbon based electrodes at two X-ray tube potentials,
50kVp and 100 kVp, and three metals were studied: Copper, Gold and Lead.
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7.1 Photocurrent response of the diamond de-
tectors with different metals
Measurements were performed to compare the difference between the pho-
tocurrent pulse shapes under X-ray irradiation for all three detectors with carbon
based electrodes adjacent to different high Z metals such as Copper, Gold and
Lead under applied bias voltage as a function of time. The photocurrent pulse
shapes as shown in figure 7.1, illustrate the detectors’ photocurrent response near
different metals at +50 V bias voltage.
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(a)
(b)
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(c)
Figure 7.1: Comparison of the current signals obtained with different high Z metals
interfacing the (a) SC(C), (b) SC(B) and (c) PC(B) detectors at +50 V bias voltage
as a function of time. The measurements were performed at dose rate and tube
voltage of 68.06 cGy/min and 50 kVp, respectively.
A general observation for all detectors is a small increase in the photocurrent
when different high Z metals butted up to the detectors; the higher response
photocurrent signal can be clearly observed. The photocurrent signals of all three
detectors at applied positive bias voltages show a higher photocurrent response
when each detector interfaces Copper as a metal compared to the other tested
metals, Gold or Lead. The ratios of the X-ray induced photocurrent (background
subtracted) without and with metal plug were compared with the simulated total
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DEF values. The measurements of the three detectors photocurrent ratios agree
within their uncertainties with the simulated values of 1.03± 0.6 % at 50 kVp in the
case of Copper. In contrast for Gold or Lead, the expected measured values of DEF
were clearly less than the simulated values of 1.30 ± 0.5 % and 1.33 ± 0.5 % at 50
kVp, respectively. This behavior was also observed at both positive and negative
bias voltages for SC (B) and PC (B) detectors. The measurements have been
repeated several times to ensure that this is a reproducible result. The difference
in response when high Z metals butted up to the detector may be attributed
to increase in the generated charge carriers concentration near the surface which
could be sufficiently large in the case of higher Z metals that they may modify
the electric field profile and hence delay extraction of charge carriers from the
interface region. In contrast, the photocurrent response of the SC (C) detector at
negative bias voltage was higher through the irradiated Lead interface compared
to the Gold and Copper interfaces as seen in figure 7.2, but their photocurrent
ratio measurements did not match the simulated values.
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Figure 7.2: The current signals obtained with different high Z metals interfacing
the SC(C) detector at - 50 V bias voltages as a function of time. The measurements
were performed at dose rate and tube voltage of 68.06 cGy/min and 50 kVp,
respectively.
The experimentally observed dose enhancement for the case of high Z metals
such as Gold or Lead generally remained lower than expected DEF values com-
pared to the Copper results. The origin for these phenomena when higher Z metals
butted up to the detectors is still not clear and requires further investigation.
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7.2 The photocurrent ratio of the diamond de-
tectors at metallic interface
Figure 7.3 shows the ratio of the photocurrent measurements with and with-
out Copper of the three detectors with carbon based electrodes as a function of
applied bias voltages, irradiated with 50 kVp and 100 kVp X-rays. These mea-
surements reflect the IV characteristics with and without metal butted up to the
diamond detectors. The detectors with carbon based electrodes fabricated by
boron ion implantation exhibit symmetrical behaviour with bias polarity above
zero, in contrast with the carbon ion implanted detector. The measured values
of the photocurrent ratio agree within uncertainty at high bias voltages (> 50 V)
in both polarities for the SC(B) detector with the simulated DEF values of 1.03
± 0.6% at 50 kVp and 1.13 ± 0.9% at 100 kVp, these values also matche for the
SC(C) detector only at applied positive bias voltages. In contrast, for the SC (C)
detector the measured photocurrent ratio deviates strongly at negative bias and
is higher than the measured photocurrent ratio at positive bias. In the case of
the PC(B) detector, the photocurrent ratio shows a slightly higher measured value
compared to the simulated DEF values. The measurements of the photocurrent
ratio for both SC detectors compared to the PC detector at ≥ 50V positive bias
voltages match the total DEF from MC simulation within their uncertainties. This
is might be because the CCE in the SC samples is much higher than in the PC
as demonstrated by the alpha spectroscopy measurements as shown in chapter 4.
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Generally, for both bias polarities, all data for applied voltages less than 50 V
show a higher photocurrent ratio compared to higher applied bias voltages, al-
though within the time resolution of the measurements, no strong indication of
priming or polarising phenomena could be found. It is possible that the higher dose
rate incident near the Copper interface at low bias voltages causes an enhancement
in the signal due to either saturation of the filling of trap levels or reduction of
polarisation due to the higher flux of both charge carrier types. The observation
that the photocurrent ratio tends to change towards the predicted values at higher
applied bias may suggest that the effect is not significant if the charge carriers are
extracted efficiently.
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Figure 7.3: The the photocurrent ratio for the (a) SC(C), (b) PC(B) and (c)
SC(B) detectors with and without Copper at different bias polarities, irradiated
by different X-rays at 50 and 100 kVp with dose rate 68.06 cGy/min and 3.8
Gy/min respectively.
119
Dose enhancement effect on synthetic diamond detector
Further measurements were performed on all three diamond detectors to
extract pulse shapes to check the performance of the signals with and without
adding metal (Copper) at high and low bias voltages. Figure 7.4 shows the time
resolved signal currents without and with Copper of the three detectors at ±50V
when irradiated with 100 kVp X-rays. For the boron implanted samples, the data
matches within the uncertainty of simulated value at a variety of positive and
negative bias voltages. In contrast, for the carbon implanted sample deviations
were found at negative bias applied when the metal butted up to the detector and
its photocurrent ratio measurement was exceeding the predicted simulated DEF
value.
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Figure 7.4: Comparison between the pulse shape of the photocurrent response for
the SC(C), SC(B) and PC(B) detectors with and without metal at ± 50V bias
voltages, irradiated by 100 kVp.
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Figure 7.5 shows an example of the pulse shape acquired with and with-
out metal of the SC(C) detector at +10 V and +50 V. It clearly confirms that
the increase of the detectors’ photocurrent ratio measurement is obtained at the
lower bias at steady state. The photocurrent at lower bias voltage does not show
significant priming and polarising effects visible in the photocurrent pulse shapes
by adding metal near the detectors at wider range ± 50V for either positive or
negative bias voltages in all detectors. However, these phenomena cannot exclude
that these effects may play a role due the measurements being taken at applied
lower bias voltages. The bias dependence of the diamond device response cannot
easily be explained in terms of the dose enhancement effect and charge carriers
recombination. However, the photocurrent signal at a lower bias can easily be
affected by dose enhancement near the surface layer of the detector. This is due
to the lower concentrations of charge carriers generated by the incident radiation
that are not extracted as quickly toward the electrodes and some of the charge
carriers may be trapped within the diamond defects. The traps in the material
can be negatively affected on the CCE and capture some of the generated charge
carriers, which can contribute to the space charge and may induce the build-up
and polarise the crystal as a result of the internal electric field which could be
against the external electric field [73], [62]. The build up of space charge near
the interface may lead to a decrease in the electric field in the diamond bulk and
an increase in the field near the interface. Hence, the higher response than the
predicted ratio at lower electric fields could be affected by the significant changes
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within the uncertainties in the magnitude of the electric field in the bulk and the
interface during irradiation. In contrast, the observation of photocurrent with and
without metal at a higher bias voltages tends to match the predicted values since
dose enhancement may not significantly change device performance if the high
charge carriers concentration are extracted efficiency. These results indicate that
present understanding of energy deposition, charge generation and recombination,
or charge transport and trapping in diamond detectors during X-ray irradiation is
still incomplete and requires more investigation.
Figure 7.5: The pulse shape of the Photocurrent response for the SC(C) diamond
devices irradiated at (a) low bias voltage +10 V and (b) high bias voltage +50 V,
the detector was irradiated by 100 kVp.
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7.3 The dosimetric characteristics of the diamond
detectors due to metallic interfaces
Measurements were performed to investigate the influence of the diamond-
metal interface on the photocurrent rise and fall time, stability and the dose rate
linearity of the three different diamond detectors with and without metal (Copper).
Examples of time resolved photocurrent pulses of the SC(C) detector obtained at
dose rates at beam energies of 50 kVp and 100 kVp are shown in figure 7.6.
Similar current pulse measurements have been taken for different bias voltages,
X-ray energies and dose rates for all three detectors.
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(a)
(b)
Figure 7.6: Photocurrent response of the SC(C) diamond device irradiated at
(a) 50 kVp and (b) 100 kVp X-rays without and with Copper, the detector was
exposed to different dose rate and variety of bias voltages.
125
Dose enhancement effect on synthetic diamond detector
As seen in figure 7.7 the average of the equilibrium current measurements
have been taken from the pulse shapes as shown in figure 7.6 -(a) at different dose
rates ranging from 12.30 to 68.06 cGy/min. The detectors were exposed under
50 kVp X-ray at different bias voltages. An increase in the photocurrent signal
amplitude of the three irradiated detectors with high Z metal interfaces is ob-
served for different applied bias voltages. The same scenarios were obtained when
irradiated at 100 kVp for all three detectors. The instability of the photocurrent
signal becomes much higher as the bias is increased above 300 V. The figure also
shows a sublinear relationship for all cases with and without metal between the
photocurrrent and dose rate at different bias voltages for all detectors studied.
The sublinear relationship is attributed to the reduced CCE of detectors with in-
creasing dose rate. This effect is attributed to presence of traps that may effect
the dose rate dependence [95].
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Figure 7.7: Dose rate dependence in the three detectors (a) SC(C), (b) SC (B), and
(c) PC(B) diamond devices with/without metal(Copper) at different bias voltages.
The detectors were irradiated at 50 kVp with different dose rate.
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Figure 7.8 displays the value of the linearity index ∆ as a function of the
bias voltage for the three detectors as defined in chapter 5. The value of ∆ for the
three detectors was found to be approximately equal with and without metal in
the diamond detectors at both positive and negative bias voltages. Although the
number of samples here is limited, figure 7.8 may indicate that the non-linearity
index ∆ is determined by the difference in the bulk material rather than the
electrode material or existing metals at the bulk surface interface.
Figure 7.8: The values of ∆ parameter with respect to the bias voltages of the
photocurrent detectors with and without metal at 50 kVp and fixed dose rate of
68.06 cGy/min.
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7.4 Concluding Remarks
This chapter has focused on the influence of diamond-metal interfaces on
the photocurrent performance of the synthetic diamond based X-ray dosimeters
using X-ray induced photocurrent measurements. The photocurrent signals of
CVD diamond detectors show an increase in signals due to the presence of different
metals butted up to the diamond detector for all studied conditions as results of the
expected dose enhancement effect. However, the quantitative changes observed,
using higher Z metals (like Gold or Lead), cannot be explained by predicted DEF
values from MC simulations in contrast to using Copper. The variation in the
measured photocurrent ratios during the X-ray radiation depends on the type of
synthetic diamond, their electrodes fabrication and the applied bias voltages on
the detectors indicating that the electrical device performance could be modified
by dose enhancement in a way that is still not fully understood yet. The non-
linearity index ∆ seemed to be unaffected by dose enhancement and determined
by the bulk material of the samples.
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Conclusion and future work
8.1 Conclusion
The aim of this work was to investigate the effects of diamond-metal inter-
face on the photocurrent response measurements in synthetic diamond radiation
dosimeters affecting the X-ray photocurrent performance of diamond detectors as
a function of bias voltage using MC simulations and X-ray induced photocurrent
measurements. MC simulationS with BEAMnrc code were carried out to simulate
the DEF and compared against the equivalent photocurrent ratio obtained from
experimental investigation. Experimentally, the three synthetic diamond samples
SC(C), SC(B) and PC(B), each sample was mounted inside a tissue-equivalent
encapsulation design made from a solid water phantom with minimising metallic
connections to reduce fluence perturbations.
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A set of X-ray measurements at 50 kVp, was taken to assess the performance and
the operational parameters for all detectors within this type of connection and
encapsulation. The assessment of the diamond detector response at different bias
voltages to direct incident photons with and without a plug made from solid water
was conducted for a range of X-ray tube voltages; it shows a relative reduction in
the detectors’ photocurrent response. The SNR of the SC detectors was higher
compared to the PC detector and the values of the SNR were higher at lower bias
voltages for all three detectors. The radiation response of diamond detectors with
varying nominal X-ray tube voltages at constant tube current was studied showing
the linearity relationship of the photocurrent detectors against tube energy with
applying different bias voltages. The time resolved photocurrent pulse shapes for
each detector were obtained at different applied bias voltages in order to determine
the higher photocurrent response and maximum bias voltages that can be reached
by each detectors due to this type of the connection and to compare their behaviour
during irradiation with what is reported in the literature. The SC detectors have
higher photocurrent response compared to the PC detector and can reach similar
bias voltages although the exact measurements values of the photocurrent did not
compare to what has been reported in the literature. The stability and repeata-
bility of the photocurrent signal for all detectors are between 0.26 and 0.49% in
agreement with the IAEA requirements below 0.5 %. The sublinear relationship
photocurrent response against dose rate at a variety of applied bias voltages, the
non-linearity index ∆ and the sensitivity confirm that the detectors exhibit similar
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behaviour to what has been reported in literature for similar devices.
MC simulations were used to simulate the total DEF in the whole diamond bulk
when high Z metal interfaces the detector at different energies and compared
against the experimental investigations. The Monte Carlo simulations using the
BEAMnrc code show that the detectors with carbon based electrodes irradiated
by the X-ray beams used in this study do not show enhancement of the absorbed
dose in the whole investigated range of diamond depths without metal butted up to
the diamond detector. This is because carbon and diamond have identical atomic
composition. In case of the diamond-metal interfaces, the dose distribution near
the diamond surface’ depths for both backward and forward regions was found to
be approximately symmetric for different X-ray energies since the photoelectric
effect emits electrons approximately isotropically. The high dose enhancement in
the diamond occurs near the surfaces of the diamond detector and decreases as
the distance below the diamond-metal interfaces increases. Hence, the sensitive
region for the absorbed dose enhancement distribution and subsequent photocur-
rent generated exists at a range of tens of micrometres distance from the interface.
In addition, increasing the Z of the metal causes an increase in the value of total
DEF, which also depends on the X-ray energies. Copper, Gold and Lead have been
investigated as generators of photoelectrons using 50 kVp and 100 kVp X-rays rel-
evant for medical dosimetry. The total DEF in the whole diamond bulk when high
Z metal interfaces the detector at different energies have been simulated. The total
simulated DEF for Copper was 1.03±0.6% at 50 kVp and 1.13±0.9% at 100 kVp.
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For Gold, it was 1.30±0.5% at 50 kVp and 1.49±0.9% at 100 kVp and for Lead it
was 1.33±0.5% at 50 kVp and 1.50±0.9% at 100 kVp.
With the aim to compare the total simulated DEF values to the equivalent pho-
tocurrent ratio in the experimental study, the equivalent photocurrent ratio was
calculated. It is defined as the measurement of the photocurrent response of the
diamond with metal interfaces divided by the measurement of the photocurrent re-
sponse without metal interfaces near the detector. The experimental results show
an increase in measurements of the photocurrent signals of CVD diamond detectors
due to the presence of different high Z metals butted up to the diamond detec-
tors for all studied conditions, indicating the expected dose enhancement effect.
However, the quantitative changes observed, using higher Z metals such as Gold
or Lead, cannot be explained by the predicted DEF values from MC simulations
in contrast to using Copper. This means that the electrical device performance
is modified by the dose enhancement in a way that is still not fully understood.
Using Copper, the measured values of the photocurrent ratio agree well within
their uncertainties for a variety of positive bias voltages at ≥50 V in both SC
detectors. For the PC detector the measured values of the photocurrent ratio were
slightly higher than simulated DEF values at ≥ ±50 V. CVD diamond detectors
with Boron ion implantation show an asymmetric photocurrent measurement ratio
when ≥ ±50 V bias voltages were applied comparing to the diamond detector with
Carbon ion implantation. The measured values of the detectors photocurrent ratio
at applied bias voltages < ±50 V were higher than the simulated DEF at the X-ray
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energies 50 and 100 kVp. The pulse shape of photocurrent signals of the diamond
detectors did not show significant priming or polarising effects. These phenomena
cannot exclude that these effects may play a role with the CCE of the detectors
at both positive and negative lower bias voltages during the X-ray irradiation. In
general, the variation in the photocurrent measurement ratios depend on the type
of synthetic diamond samples and their electrodes fabrication and the applied bias
voltages on the detectors indicating that the dose enhancement near the detec-
tor modifies their electronic performance. Also, the non-linearity index seemed to
be unaffected by dose enhancement and determined by the bulk material of the
diamond.
8.2 Future work
This work has shown that the dose enhancement can have a significant ef-
fect on the diamond detector performance. The mounting of synthetic diamond
sample inside encapsulation design made of solid water phantom has been used to
minimize the fluence perturbation, however, the non-metallic connection methods
are still inconvenient to use and need improvement. The present work has focused
on the study of metallic effect near the diamond detector from one side interface.
Future work will expand to include the effect of metal on the detector performance
by evaporating different metals with different thickness in the range of µm or nm
on both sides of the single synthetic diamond samples with carbon based elec-
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trodes for comparison. Also, more measurements are still required to improve the
understanding of the behaviour of the photocurrent response of the CVD diamond
detectors near higher Z metals (higher than Copper)interfaces. Further research
to test and improve synthetic diamond detectors for such applications is also still
required. This work will include testing, characterising and comparing between
synthetic diamonds with carbon based electrodes inside the metal-less connections
and currently available natural PTW diamond dosimeters for the development of
a tissue equivalent dosimeters.
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Appendix A
A.1 Electrical and dosimetric characteristics of
the diamond detectors due metal interfaces
SC(C)-a SC(C)-b
SC(C)-c SC(C)-d
151
SC(B)-a SC(B)-b
SC(B)-c SC(B)-d
152
PC(B)-a PC(B)-b
PC(B)-c PC(B)-d
PC(B)-e PC(B)-f
PC(B)-g PC(B)-h
Figure A.1: Illustrates photocurrent pulse shapes and dose rate dependence of the
the three CVD diamond detectors at 50 kVp and 100 kVp X-rays with and without
Copper, the detectors was exposed to different dose rate and variety of positive
and negative bias voltages.
153
A.2 Testing diamond detector with metallic elec-
trodes
(a)
(b)
(c)
Figure A.2: Illustrates (a) IV characteristics (b) photocurrent ratio and (c) pulse
shape for the SC(Al) detectors with/without metal due irradiation at 50 kVp
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